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Abstract
A laboratory study was conducted to investigate possible quantitative and qualitative methods for
determining the bond life of structural epoxies externally bonded to concrete substrates. Three concrete
mixtures, two surface preparation methods, and three structural epoxies were used creating eighteen
combinations of bonded systems. Direct tension (pull-off) specimens were prepared from which a subset
was submerged in heated water per a prescribed accelerated aging protocol for up to 200 days. A novel test
fixture was designed to facilitate controlled-rate testing of the pull-off specimens. A total of 324 specimens
were intermittently removed from submersion exposure and tested without replacement. An additional 12
concrete prisms were used to determine the direct tensile strength of the various substrates. Additional
characterization testing was conducted for use in determining the significant factors contributing to changes
in bond strength. These tests included concrete compressive strength and concrete surface profilometry.
Bulk epoxy and concrete moisture uptake data was also generated for future use. Plots of the raw data imply
bond strength decreases at a relatively rapid rate during early aging then slows with longer exposure periods.
Analysis of variance testing was conducted as part of a multiple regression analysis which found that square
root of concrete strength, square root of aging time, mean peak height, and matrix tensile strength were
significant in explaining variations in bond strength. A numerical model was produced based on raw data
from the significant factors. The raw data did exhibit instances of high variability (>10%). The fitted model
was shown with a coefficient of determination of 63% but implied rapid initial decreasing strength which
agreed with apparent trends in the plotted raw data. Bond life was calculated for each study combination as
the point in aging time where bond strength decreases beneath the substrate tensile strength. Methods for
transforming data points in order to lower variability were investigated but were shown to be inaccurate
and impractical. To provide a direct comparison of bond strength values, isolation of bond strength in
mixed-mode specimens was attempted but was determined to not be possible without impractical, complex
xix

methods. This conclusion implies that chemical bond and mechanical interlock may not readily be
decoupled without similar intensive methods. A secondary objective was to determine bond life through a
failure mode analysis approach. An alternative set of pull-off failure modes was first proposed to facilitate
further discussion. Inconsistencies in mixed-mode specimen surfaces were noted by the author in previous
studies that warranted the secondary investigation. New bi-directional fracture path behavior is
conceptually posed which is preliminarily confirmed. This finding implies that the A6 failure mode may be
used as an early indicator of impending termination of bond life. Collectively, conclusions from this study
indicate key factors that affect bond strength, provide insight into bond degradation behavior under
accelerated hygrothermal conditions, present a means for conducting controlled rate bond testing, and offer
a quick and robust method for determining the onset of bond life in epoxy-concrete systems without the
need for complex analyses or additional characterization testing.
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Chapter 1:

Introduction

Direct tension testing is the recommended partially destructive practice for assessing the bond
strength between substrate and overlay materials. Variations of this method are employed in aerospace,
mechanical, and civil / architectural structures, among others. The purpose of this testing is, in conjunction
with other methods, to assess the ability of an overlay to perform its intended task. These assessments are
conducted periodically based on the application and governing authority requirements.
The direct tension method, also termed the pull-off method, has traditionally been used in concrete
structures to qualify and quantify the bond between existing and new concrete or asphalt. With the
emergence of fiber-reinforced polymers (FRP) as effective repair and rehabilitation materials over the last
four decades [50], pull-off testing has been the method of choice for quantifying the bond between matrix
/ adherent and repaired substrate. With respect to externally bonded systems, the practice of periodic testing
acknowledges that the bond between adherent and substrate controls overall system performance [40].
Pull-off testing is performed with the use of a handheld test fixture. This fixture hooks onto a metal
dolly which is adhered to the FRP surface over a scored area. The technician cranks a handle which pulls
the hook and applies a direct tensile force to the FRP-concrete system until failure. Test results for each
specimen are recorded in two parts; the peak stress generated during testing and the associated failure mode
are recorded. Mechanically driven testers used in FRP-concrete testing are not ideal in practice. The main
shortcoming relates to the rate of loading which can vary within a single test, between subsequent tests, and
among multiple technicians. Regardless, this method is conventionally used even in controlled laboratory
settings for FRP-concrete systems in lieu of automated portable testers due to their increased tensile
capacities and cost.
Structural concrete members are conventionally exposed to a variety of environmental conditions.
These conditions include dry heat, seawater, freezing / thawing, alkalis, ultraviolet radiation, and moisture
1

exposure through ambient humidity and/or submersion [3]. Note that moisture exposure irrespective of
route induces the greatest relative detrimental effects on bonded system strength. When used as a repair
material FRP systems are consequentially exposed to the same conditions as the concrete members to which
they are bonded. Over time these materials may degrade to a point at which they are unable to perform as
intended. In a newly bonded FRP-concrete system the bond is designed to be superior to the strength of the
repaired substrate. Pull-off tests on these systems are then expected to exhibit failures in the substrate where
strength is controlled. As degradation progresses the controlling failure location moves out of the substrate
and towards the bond interface (bond plane).
The numerical strength of the system is expected to decrease as a reflection of this behavior. When
the bond strength crosses a prescribed threshold or when bond failures are no longer predominantly within
the substrate, the system has reached the end of its service life. We can term this limit bond life. The
American Concrete Institute (ACI) sets limits on bond strength and failure mode depending on the
application of repair material [4]. Published reports and guides by ACI differentiate between contact-critical
and bond-critical applications [4], [2]. In contact-critical applications such as columns and piers intimate
contact is solely required to ensure proper confinement of the concrete cross section to resist lateral dilation.
Conversely, bond-critical applications depend on the strength of the bond and thus require pull-off test
failures in the substrate complemented by a minimum strength of 200 psi (1.4 MPa). This value was set as
a lower-bound value reflecting the modulus of rupture of 2,500 psi (17.2 MPa) strength concrete, which is
the minimum substrate compressive strength allowed for construction and repair by ACI [4], [1].
The 200-psi limit effectively sets the numerical value of bond life in bond-critical applications.
Once this value is surpassed as strength trends downwards the externally bonded system needs to be
retrofitted or replaced if the substrate member is intended to continue in service. As such prediction of bond
life would be advantageous to those tasked with maintaining and repairing concrete structures. There are
currently no available models that calculate pull-off bond strength, and thus predict bond life, given nonproprietary material parameters.
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The current practice of recording bond strength is facilitated through, in the case of bridge elements,
biennial inspections of installed FRP systems [41]. A series of nondestructive methods are first employed
to assess the physical state of the system and elicit warning signs of potential bond strength concerns. These
methods include visual inspection, acoustic sounding, infrared thermography, and ultrasonic testing. If
warning signs are noted or if required per a schedule, pull-off testing is recorded per the American Society
of Testing and Materials (ASTM) standard D7522 [39]. Data from such site visits are compiled and
remedial action is only taken if the aforementioned thresholds are exceeded. Together with mechanically
driven testers, this process composes the basis for quantifying and qualifying bond strength and bond life.
Overall, the current practice is both reactive and prone to technician bias. If bond strength is
discovered to fall under 200 psi or associated failure modes are noted at the bond plane the FRP system has
already exceeded its bond life and is no longer performing as designed. Improved numerical or qualitative
methods may be possible which could predict bond life while reducing or eliminating human error. This
development would allow authoritative bodies to anticipate and plan for replacement / remedial activities.
As such the purpose of this study is to first develop a numerical model that describes bond life due to
moisture degradation using a controlled-rate pull-off test fixture. A secondary objective is to determine if
an analysis of associated failure modes can serve as a better predictor of bond life.
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Chapter 2:

Overview of Bond Behavior

This chapter is intended to provide the reader with relevant background on epoxy-concrete bond
behavior relevant to this study. The study involves an understanding of: the role of FRP in existing
reinforced concrete structures, the importance of considering material durability, the composition of the
bond plane, how bond is measured, the effects of moisture and the mechanisms of degradation, and where
accelerated aging is used to elucidate time-dependent behavior. The following sections provide applicable
background on these areas of understanding. Information from these sections will then serve as the premises
of a concluding postulation on the study results.
2.1

Overview of Adhesion in Structural Concrete
Adhesion is the condition found at the boundary layer between two connected materials utilizing a

common interface. Various mechanisms provide the means of joining the connecting materials including
chemical bonding, mechanical interlocking, and a series of thermodynamic mechanisms [52]. Chemical
bonding for repair materials is identified by hydrogen bonds forming between the adherend and exposed
substrate surfaces. Mechanical interlocking occurs as the adherend penetrates and hardens within the
capillary pore structure creating instances of mechanical force transfer. Figure 2.1 provides a visualization
of these mechanisms in an idealized concrete surface. The extent of penetration is controlled by a series of
factors that include surface roughness, pore sizes and distributions, the presence of moisture within pores
and at the surface, and substrate diffusion characteristics. The combined contributions of these adhesion
mechanisms dictate the bond strength which is a quantitative measure of the magnitude of adhesion. At the
micro scale this bond strength is usually expressed in terms of the required energy to separate the materials
whereas mechanical stress is the typical indicator at the macro scale. It is important to note here that the
loading direction also influences the bond strength. Under direct tension bond has been found to depend on
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vertical anchorage in the pore structure whereas surface roughness is known to affect bond under shear
loading.

Figure 2.1 Idealized chemical bonding and mechanical interlock mechanisms

2.2

What are Structural Epoxies?
Structural epoxies are class of epoxies with properties suitable for use in structural load transfer.

The family of structural epoxies are appealing to practitioners due to their high tensile strength, low
shrinkage, excellent adhesion to various substrates, effective electrical insulation, chemical and solvent
resistance, low cost, and low toxicity [15]. Conversely, disadvantages to the use of epoxies include brittle
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behavior under high static or normal dynamic loading, cure-specific properties requiring precise mix
preparation, and durability issues in aggressive environments.
Epoxies as a family of materials are a subset of polymers known as thermosets. These materials,
unlike thermoplastics, are covalently bonded into three-dimensional networks which offer relative
advantages in performance [52]. Notably, thermosets have a reduced occurrence and magnitude of free
volumes and can transition to a glassy or rubbery state, rather than melt, when exposed to heat in excess of
their glass transition temperature, 𝑇𝑔 .
Epoxies are composed of a base resin, curative, and modifiers [15]. The base resin and curative
form the base formulation of the epoxy and can be considered herein as constituting the two parts of a
typical product. When ready for use the two parts are combined, beginning a nonreversible reaction which
forms a solid bulk material.
Common base resins in epoxies include the families of phenolic glycidyl ethers, glycidyl amines,
and cycloaliphatics [15]. Within the family of phenolic glycidyl ethers, diglycidyl ether of bisphenol-A
(DGEBA) remains the most widely used resin in all classes. Other common resins include tetraglycidyl
4,4′-diaminodiphenylmethane (TGDDM) and tetraglycidyl methylenedianiline (TGMDA) [30, 52].
Curatives, also known as hardeners, typically stem from amines, amine derivatives, and anhydrides. These
substances are selected primarily on the consideration of ambient temperature during curing. For room
temperature curing, aliphatic amines are the typical choice for epoxy resins. Common resins and curatives
can be found in Tables 1 and 2 of the referenced literature [15].
With respect to composites, structural epoxies are used as both the matrix component and the
adhesive for many FRP systems. In conventional systems carbon, glass, or aramid fibers are used as the
reinforcement which offer the primary source of strength and stiffness. The epoxy matrix transfers stresses
from the substrate to the fibers and back, protects the fibers from mechanical abrasion, and binds the fibers
creating a composite which exhibits high relative specific strength and stiffness [9]. For applications in
aggressive environments, the matrix also serves as a buffer between exterior exposures and damaged
substrates. An example of this behavior can be found in bridge piers, where chloride intrusion through
6

concrete cover results in corrosion of the embedded steel reinforcement. Rehabilitation projects on these
materials have shown that FRP serves to slow the corrosion current by preventing the continued ingress of
chloride-rich water [5].
2.3

How does Moisture Transport through Epoxies?
The chemical reaction during curing results in the formation of networks of macromolecules in the

bulk of the epoxy material. The macromolecule which is a distinctive aspect of epoxies is composed of up
to twenty-five repeating units with end epoxide groups. These groups are reactive, allowing for combination
with other macromolecules in order to form these complex networks. After curing, many of the reactive
sites remain exposed, and their collective polar behavior renders the epoxy hydrophilic [45]. Polymers such
as epoxies are also permeable, resulting in exposure of reactive sites at the surfaces of microvoids. The
migration of a fluid such as water through the network can follow a series of sorption mechanisms. These
mechanisms are termed absorption, desorption, and storage, and are ongoing until an equilibrium state is
reached.
Moisture absorption is a mechanism in which water molecules cross the outer epoxy surface and
enter the bulk material. Absorption is influenced by the amount of free volume due to microvoids and other
morphological defects [13], the epoxy network density, and the amount of hydrophilic groups in the
network [20] and exposed surface areas [50]. References [45] and [13] provide 2- and 3-step process
descriptions, respectively, for moisture transport through an epoxy network. Combining and simplifying
for clarity, absorption can be expressed as a 3-step sequence as follows:
1. Moisture is dispersed within the superficial layer of the exposed outer surface
2. Moisture is absorbed in the direction of the concentration gradient onto the surface of internal
microvoids which constitute the free volume of the bulk material
3. Hydrogen bonds are formed between the water molecules and the reactive sites
This process is applicable only for epoxies at temperatures below their 𝑇𝑔 . Absorption is presented
as a percentage of weight uptake and can either represent this extent over a constrained time period or until
uptake reaches its equilibrium point, 𝑊∞ . For instance, Colombini, Martinez-Vega, and Merle immersed
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specimens for 3 months and recorded a maximum weight uptake of 0.8% [19] while Cotugno et al. showed
a TGDDM-DDS epoxy with moisture absorption values up to 7% [21].
Desorption is the opposing mechanism to absorption and involves releasing water molecules from
the volume of an epoxy and exiting through the outer surface. Moisture which has not reacted at the internal
surfaces can either leech out or be vaporized and removed by ambient heat and/or dry conditions [10].
When an epoxy material reaches equilibrium after desorption, the residual moisture content is noted as
stored within the bulk material. Therefore, moisture storage is a function of the rates and occurrences of
absorption and desorption. Storage varies over time as microvoids expand and microcracks form due to
long-term exposure to moisture.
2.4

Why are Structural Epoxies Used on Concrete Structures?
Structural epoxies have common usage in the architectural, engineering, and construction (AEC)

fields where they are employed to attach dissimilar materials to concrete. Specific applications include rebar
and anchor doweling, bonding new concrete to old, and filling voids in crack repairs. In recent decades the
use of epoxy adhesives on structural concrete has increased to match the rise of FRP used as external
strengthening materials. In FRP applications, epoxies serve as primers, impregnating resins, and in the case
of plate bonding as traditional adhesives (Figure 2.2).

Figure 2.2 Matrix/adhesive use of structural epoxy in a conventional FRP system
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The earliest known application of externally bonded FRP was in 1982 when Torayca cloth, a carbon
fiber-reinforced polymer (CFRP) product, was used to repair cracked piers supporting a bridge in Kobe,
Japan [50]. The goal of these materials in both this and any aforementioned application is to provide a
means for force transfer. When epoxies are used in external strengthening, their abilities to surround and
bind fibers as well as provide a buffer against penetrating substances (moisture, chlorides, etc.) are
additional goals.
2.5

What is the Anatomy of the Epoxy-Concrete Bond Interface?
The epoxy-concrete bond interface has several components as shown in Figure 2.3. Primary

components include: FRP, bond plane, interphase, and substrate. Optional components include an adhesive
separate from the FRP matrix and a bonding agent. The presence and number of FRP plies can vary based
on the selected configuration for a given application as can the use of an adhesive and/or bonding agent.
For practical discussion the bond interface is typically simplified to only highlight the key elements. For
instance, Emmons and Vaysburd presented an idealized model of a surface repair as a three-phase
composite system consisting of existing concrete, repair material, and a transition zone between them [26].

Figure 2.3 FRP-concrete bond plane anatomy

2.6

How are Structural Epoxies Affected by Moisture Exposure?
The exposure of structural epoxies to moist environments, through either ambient vapor or partial

/ full submersion, can yield several detrimental effects over time. Available studies have investigated these
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effects and their origins, namely through absorption, desorption, and storage, providing a foundation to
devise mitigation strategies for industry practice. Water, which is considered a weak solvent, acts as a
plasticizer in many polymer networks including epoxies. Plasticization is one type of long-term effect from
moisture exposure and involves relaxing the molecule network and thus results in the reduction of several
properties [52].
2.6.1

Bulk Property Effects
Sorption and storage mechanisms can result in continuous exposure to moisture even during cyclic

exposure conditions. Moisture absorption in DGEBA-based epoxies has been widely reported as following
a Fickian curve – the mass uptake vs √𝑡 curve is initially linear followed by lower-sloping region that
becomes asymptotic to the equilibrium moisture content at 𝑡 = ∞. However, De’Nève and Shanahan
reported the results from their study and those by others showing that the uptake curve of this class of
epoxies is actually sigmoidal upon closer inspection [23]. Brewis introduced the concept of a critical level
of moisture absorption for epoxies, below which no long-term damage will initiate [16]. For tested DGEBA
1,3-diaminobenzene, the critical absorption was found between 1.35-1.45%. When considering the 7%
uptake for a TGDDM-DDS epoxy and that irreversible degradation can initiate as early as 8 weeks after
commencing sustained exposure to moisture [21], it is clear that conditions are possible for damage to
initiate when using epoxies in typical structural projects.
Plasticizers are routinely added to polymers during manufacturing to improve their processing
characteristics and to alter their physical properties. As mentioned, water can act as a plasticizer during
sustained exposure and result in the lowering of hardness, stiffness, tensile strength, and 𝑇𝑔 values [52].
Load bearing systems with structural epoxies can experience changes in residual stress distribution and the
formation of new microcracks and microvoids [13]. For instance, Zanni-Deffarges and Shanahan found that
after aging in saturated conditions, a DGEBA-based epoxy experienced a lowering of the tensile,
compressive, and shear moduli by 20%, 27%, and 25%, respectively [57]. When considering temperature
resistance, Yagoubi et al. reported a 45°F (25°C) lowering of 𝑇𝑔 at 3% mass uptake [25] while Lai et al.
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found a lowering of 18°F (10°F) with a 1% water mass gain [29]. An increase in moisture / ambient
temperature can exacerbate the reduction, as exemplified in [52] where a 184°F (102°C) change was noted
for a TGMDA-DDS system.
2.6.2

Bond Degradation
Epoxies used as adhesives, matrices, and coatings in structural applications are subject to bond

requirements per applicable codes. For instance, ACI 440.2R states that the minimum bond strength for
bond critical applications (i.e. FRP used in flexure and/or shear strengthening) is 200 psi (1.4 MPa) as
determined by pull-off testing [4]. Commercially available structural epoxies used in FRP systems typically
exhibit adhesive bond strengths orders of magnitude larger than the code minimum, resulting in expected
cohesive failures in the substrate during evaluation. However, the bond plane can be adversely affected by
continuous exposure to moisture. In general moisture at the bond plane may inhibit chemical bonding at
contact sites, reduce mechanical interlock contribution by preventing the potential penetration of epoxy,
and affect the level of cure. Notable long-term effects of exposure include lowering of adhesive mechanical
properties – which may become relevant in lower strength epoxies - and dimensional changes which can
induce shear stresses at the bond plane.
2.7

How can Epoxy Performance be Improved?
Epoxy products used in structural projects can be categorized as either new or existing when

considering evaluation of moisture effects. New systems should be reviewed for compliance with
manufacturer’s specifications and should be periodically inspected for structural health. For existing
systems, absorption is dependent on the hydrothermal history. This history is based on the results from the
irreversible long-term effects which influence free spaces, diffusion rate, etc., which can show as various
symptoms such as microcavity growth and polymer network relaxation [20]. Existing systems can exhibit
faster diffusion rates when subject to cyclic conditions [20], a factor which is currently not modeled in
available accelerated ageing protocols.
Several methods for reducing the effects of moisture and other solvents currently in use by
practitioners include post-curing the hardened epoxy, introducing proprietary additives to increase and
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improve polymer chain cross-linking, and using surface treatments and/or barrier materials. These methods
may be specified by the project designer in coordination with the product manufacturer. Other suggested
practices consist of including thermal pre-treatments and filler materials that lengthen the path for
permeating water [52]. Lastly, vacuum bagging and pressure bagging have shown promise in assuring
higher long-term bond strength for FRP systems [56]. These methods are the subject of ongoing research
but have already shown the ability to prevent the occurrence of moisture pockets in wrapped systems by
ensuring continuous contact at the bond plane, and, for vacuum bagging, can reduce the amount of free
volumes trapped during curing.
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Chapter 3:

Methodology

Consider the notion that structural steels of various alloys exhibit a characteristic stress-strain
relationship which is stretched and scaled based on each alloy’s intrinsic properties. As shown in Figure
3.1 these materials exhibit a linear elastic response, proportional limit, lower and upper yield, and a strain
hardening region with an ultimate strength prior to necking and rupture. For externally bonded systems, the
same notion is hypothesized to exist. Per ASTM standards for direct tension testing a consistent series of
failure modes are possible regardless of the system configuration [33, 35, 39]. It is therefore plausible that
as bonded systems age and experience the same regions of substrate-controlled, mixed-mode, and
debonding-controlled failures their respective strength decreases in a generally consistent shape, barring
the same stretching and scaling noted for structural steels.

Figure 3.1 Stress-strain response of low-carbon structural steel
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Figure 3.2 introduces a presumption of this characteristic behavior. Here pull-off stress, 𝜎𝐷𝑇 , is
plotted vs time, 𝑡. At early aging, failures typically occur in the substrate and are therefore limited by the
direct tensile strength of the concrete, 𝑓′𝐷𝑇 . The epoxy-concrete bond strength in this region, 𝑓𝑃𝐷𝑇 , is
expected to be much higher than 𝑓′𝐷𝑇 but its degradation path here is unknown. Hereafter, bond
deterioration is expected to accelerate nonlinearly as more epoxy surface area is exposed to moisture. As
deterioration progresses the controlling strength is expected to be shared by both the substrate and bond
plane and thus mixed-mode failures occur. Once any existing interphase is eliminated and the strength at
the bond plane is adequately reduced debond failures almost exclusively occur. It is during this final period
that bond strength can either proceed directly to zero strength or become pseudo-asymptotic until
deterioration is complete. This zero-strength time is denoted as 𝑡𝑍 .

Figure 3.2 Prediction of aged bond behavior
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At this point we will introduce the concept of bond life. We define bond life as the time period at
which the controlling strength of a bonded system is no longer in the substrate. This point, though not
explicitly stated by others, has traditionally been implied as the occurrence of debond failures. The mixedmode failure has potential use here but is currently relegated to indicating the onset of controlling strength
transition from substrate to bond plane. It is the author’s hypothesis however that bond life, denoted as 𝑡𝐿 ,
occurs at some point during the transition (mixed mode) period.
Determination of bond life requires a study in which direct tension data is generated, plotted, and
analyzed to extract the point at which 𝑓𝑃𝐷𝑇 < 𝑓′𝐷𝑇 . Data generation is facilitated by testing in laboratory
conditions to mitigate the influence of unknown factors and analysis is performed using a generated model.
To provide a robust model and for this study to prove generally applicable multiple combinations of
variables are required.
Such a study program was generated and executed. The program involved the following general
steps:
1. Define study variables and acquire materials
2. Prepare specimens for both material characterization and bond strength testing
3. Expose a subset of the prepared specimens to moisture per an accelerated aging protocol
4. Perform control and intermittent testing of study specimens
5. Determine statistically significant factors and generate a time series model from multiple regression
analysis of filtered raw data
6. Calculate bond life using the model
7. Analyze bond test failure planes to determine if bond life can be pinpointed through a secondary
route
Details of the test program are presented in the following sections.
3.1

Study Variables
A numerical model which may be used by practitioners in the prediction of bond strength given

readily attainable parameters first required determining the statistically significant factors from an available
15

set of variables. The significant factors for bond have been investigated at the macro (structural member)
scale for various loading configurations but have not been confirmed for pull-off tests in a controlled setting.
Since these factors are not explicitly known, when considering direct tensile testing of bonded systems
subjected to aging through moisture exposure the following independent variables were identified for
investigation: concrete compressive strength, concrete surface profile (multiple associated surface
roughness parameters), concrete surface direct tensile strength, concrete moisture uptake, epoxy tensile
strength, epoxy moisture uptake, and time. A few notable factors were excluded from consideration. First,
Al Azzawi found that bond strength was affected by concrete porosity [7]. However, the study epoxies, in
order to maximize aging effects, were intended to be poured over study concrete substrates without applying
pressure in contrast to externally bonded FRP practice. This ensured minimal depth of penetration and thus
reducing the potential for porosity to contribute to degradation behavior in this study. The exclusion of
porosity as a potential model factor eliminates a potential need by field technicians to measure this property
in-situ. In the same breadth, available storage volume and diffusivity in either material were also excluded.
Also, note that the fibers which are commonly used as reinforcement for epoxy matrices were excluded
from use in this study as it has been speculated that fiber architecture has a significant influence on moisture
transport through the bulk of a matrix. As such, the use of even a solitary fiber architecture with three
structural epoxies would add unnecessary complexity to the comparison in degradation behaviors at the
respective bond planes. Consequently, to paint a broad picture of behavior, the study included three concrete
mixtures, three structural epoxies, and two surface preparation techniques for a total of eighteen material
combinations. These combinations were used in the production of pull-off test specimens and are
summarized in Table 3.1.

16

Table 3.1 Study combinations

3.1.1

Concrete Materials
Three concretes with varying compressive strengths were cast for the study. The intended lower-

bound strength was selected as 2,500 psi (17.2 MPa) which reflects the minimum strength recommended
by ACI for both performing FRP repairs (§1.2.1.4) [4] as well as for general structural applications
(§19.2.1.1) [1]. A strength of 5,000 psi (34.5 MPa) was selected for the intermediate tier concrete. This
represents the typical strength of existing bridge piles in addition to the mean value recommended for
restoration of concrete cross sections in a National Cooperative Highway Research Program (NCHRP)
report [41]. Last, a strength of 10,000 psi (68.9 MPa) was selected to represent high strength concretes. For
simplicity, the concretes used in this study were denoted as CA (lower strength), CB (mid-level strength),
and CC (high strength). The mix designs are shown in Table 3.2. Note that Master Set 961R (formerly
Pozzolith 961R) is a set retarding admixture while Master Glenium 7500 is a full-range water-reducing
admixture.
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Table 3.2 Concrete mix designs

Study concretes were donated by and batched at Titan America in Ruskin, FL (Figure 3.3).
Constituent materials were combined in a Gilson 59015C 3 ft3 (0.085 m3) mixer and a total of 39 slabs and
30 cylinders were cast during batching activities.

Figure 3.3 Use of small-scale mixer for study concrete batching

Slump tests of each batch were performed by Titan personnel in accordance with ASTM C143 [36].
Slump is used to quantify the workability of a concrete mixture and was formerly linked to compressive
strength and indirectly to the w/c ratio. Measurements were reported as 6.00 in. (152.4 mm), 6.00 in., and
9.00 in (228.6 mm) for concretes CA, CB, and CC, respectively (Figure 3.4). Concrete cylinders were cured
on site in submersion storage for 28 days at 72°F (22.2°C).
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Figure 3.4 Slump test of batched concretes

3.1.2

Structural Epoxies
Three epoxy formulations were selected to represent typical commercially available products. Each

product is two-part structural epoxy which was delivered and stored in standard laboratory conditions. The
epoxies, denoted as E1, E2, and E3, are presented with their relevant properties in Table 3.3. Note that the
product names and manufacturers are intentionally omitted for discretion.

Table 3.3 Mechanical properties of study epoxies
Epoxy
Property
E1
E2
E3
Tensile Strength (psi)

8,000

4,900
6

4.08 x 10

10,500
6

0.46 x 106

Tensile Modulus (psi)

2.50 x 10

Elongation at Break (%)

3.00

0.90

5.00

Color

Amber

Gray

Clear

Note: Mechanical properties for all epoxies determined through
ASTM D638 testing by the respective manufacturer

3.2

Material Characterization Tests
All specimen preparation and testing activities for both material characterization and bond tests

were conducted under standard temperature and pressure (STP) laboratory conditions.
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The ASTM book of standards provides dozens of test methods pertaining to the production, casting,
and testing of concretes and their constituent materials. Of interest for this study were methods for
determining the basic concrete properties of compressive strength, slump, hardened density (for verification
purposes), moisture absorption, and surface tensile strength. As such, ASTM standards C39 [38], C143
[36], C642 [34], and C1583 [35] were respectively selected for the study.
A total of 29 cylinders, approximately 4 in. (1.57 cm) in diameter and 8 in. (3.15 cm) in height
were cast inside plastic molds during batching of slabs (Figure 3.5). For each batch three cylinders were
allocated for 28-day control testing and verification of mix designs, three were submerged in the aging tank,
and three were reserved for control testing at the end of the aging period. The remaining cylinder was
reserved as a spare except for concrete CA where no spare was cast.

Figure 3.5 Concrete cylinders upon demolding

At the 28-day mark, T0 control specimens were transported to the University of South Florida
(USF) campus for testing. Specimens were tested using an MTS 311.31 universal testing machine (UTM)
(Figure 3.6) using Station Manager acquisition software in accordance with ASTM C39.
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Figure 3.6 Typical concrete cylinder in testing machine

The ASTM directory includes methods for characterizing externally bonded plastics. Several of the
methods appear in an ACI 440 Committee guide on the topic of bonded FRP testing [28] and include the
lap shear, shear bond, direct shear adhesion, pull-off and combined pull-off and shear tests. Pull-off testing
per ASTM D7522 was selected to match the common partially destructive bond evaluation method used by
practitioners. Moisture absorption is intended to be facilitated via ASTM D570 [32]. As will be discussed
in section 3.3.4 an approximately 1/8 in. (3.2 mm) thick layer of epoxy was applied to the pull-off test
specimens. Considering that the moisture absorption standard suggests the use of a 1/8 in. (3.2 mm) thick
specimen, it was decided that epoxy coupons reserved for a sister study also be used for moisture absorption.
3.3

Pull-Off Testing
The field assessment of bonded systems exposed to moisture, among others, is facilitated by a series

of nondestructive methods complemented by the partially destructive pull-off test while research focuses
more on both partially destructive and destructive tests. Unfortunately, research efforts have not been able
to bridge the gap between methods which would help explain overall structural integrity based on pull-off
tests. The limiting factor for this is the difficulty in connecting direct tensile strength (determined through
pull-off testing) to shear strength, which more closely reflects the relative slip between repair and substrate.
Despite this gap, the pull-off test continues to be the recommended force application test for field
investigations [28]. This method is perceived as simple, easy to perform given complexities in structural
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framing, and straightforward with respect to results interpretation. Although the method is widely
implemented this perception may be misguided. Several challenges and questions remain unaddressed
which could vastly improve the reliability of results:
1. Pull-off test values are inherently highly variable (>10%). Strict adherence to recommended
statistical thresholds would negate the acceptance of many studies.
2. Results are compared on an “apples-to-oranges” basis as failure modes do not currently serve
to partition bond strengths from each other
3. Mixed-mode failures are inconsistent in presentation and are not used in understanding bond
life
4. Technician bias is potentially present in several areas of the testing process, including multiple
technicians testing the same area over multiple days and test periods, the imposed rate of
loading between technicians, specimens, locations on the structure, and test periods, and
interpretation of results including failure modes and peak load recording
3.3.1

Pull-Off Test Failure Modes
The D7522 standard is directly applicable to FRP-bonded systems and provides visual guidance

for recording the failure mode associated with a single pull-off test. Figure 1 of the standard (included here
as Figure 3.7) shows 7 failure modes as recordable. Acceptability is based on a specific mode, each of
which will be summarized.

Figure 3.7 ASTM D7522 failure modes [39]

Mode A occurs when the dolly detaches from the material used to bond it to the externally bonded
(EB) system. This is typically the result of poor material selection, poor mixing technique and/or mixing
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ratios, and/or workmanship stemming from inadequate dolly surface preparation, contaminated bond area,
or incomplete coverage or bulging which consequently invalidates the test.
Mode B constitutes failure within the EB system. For externally bonded epoxies, this implies poor
relative cohesive (tensile) strength and/or environmental degradation. In EB FRP assemblies this can also
imply poor fiber impregnation and/or interlaminar debonding. These failures can be reported at the
discretion of the licensed professional.
Mode C occurs at the matrix-adherend interface when primers with or without bonding agents are
utilized as the adherent rather than the FRP matrix. It is the consequence of poor material pairing and/or
environmental degradation, among others.
Mode D is the condition identical to Mode B when no fibers are present.
Mode E failures, in addition to the reasons for failure in Mode C, can also indicate negligible depth
of penetration due to adherend viscosity, substrate capillary pore network properties, mis-timing cure in the
original installation, poor adherend selection, and/or environmental degradation. This failure is currently
the indicator for bond life termination.
Mode F implies an almost equivalence in substrate and bond plane strengths. Though speculated in
ASTM D7522 to initiate in the substrate, it has been the author’s experience in other studies to observe this
condition also initiate at the bond plane. The author has also observed that this condition can indicate both
a poorly aligned test setup as well as a generated moment due to an early undetected local failure in either
the bond plane or substrate during testing. This failure is the subject of further investigation in the discussion
section.
Mode G are cohesive failures within the substrate which primarily indicate that the EB system has
a higher bond strength than the tensile strength of the near-surface concrete. The standard cautions the bond
values from such tests may not exceed acceptance thresholds. Care must also be taken when accepting
results from this mode as a poor distribution of coarse aggregate in the substrate can skew the occurrence
of this failure mode and may require a separate investigation of the concrete.
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Though the listed modes are recordable, only 6 are deemed acceptable if approved by a licensed
professional. The failure modes and their associated implications may contain several deficiencies
pertaining to the quality of information to be extracted from a test program. First, when considering an
acceptable failure mode location of a completed test, the associated peak stress given by D7522 equation 1
𝜎𝑝 =

4𝐹𝑝
𝜋𝐷 2

is reported as the bond strength for the system. Though convenient when considering mode E failures this
value does not describe the bond strength between adherend and substrate for other modes. Rather it reports
the nominal or stress-raised strength at the corresponding failure plane. As such, it may only be proper to
report bond strength as an unknown value higher than that recorded in one of the modes not classifiable as
debonding. Second, it has been the experience of the author in related studies to observe failure modes not
described in Figure 3.7. If a proper discussion is to be conducted, it is crucial that the possible failure modes
be identified and independently analyzed. To facilitate the first requirement, a revised failure mode schedule
is herein proposed. As shown in Figure 3.8 the 7 modes from ASTM D7522 are included and duplicated
along with others which serve to fill gaps in the current standard. The modes have been labeled A1 through
A8 and B1 through B9 wherein the difference in groups lies in the potential failure at the base of the dollup,
the stub of concrete remaining within the scored area, when deeper scoring is performed.
Modes A7 and B7 describe a specific cohesive failure condition where the failure plane propagates
along the base of the interphase material, exposing points of maximum penetration of the adherend. At
these points the adherend has previously been noted to fill void spaces but not necessarily bond to the
concrete material opposite the pulled dolly. It will be noted here that this modal condition can be misinterpreted as (1) a failure at the bond plane in which surface-level cementitious material remains adhered
to the overlaid epoxy, (2) a mixed-mode failure, or (3) a cohesive failure. This error can be attributed to the
similarities in colors between epoxies and concrete mixtures. However, simple scraping of the pulled dolly
surface after other recordkeeping has completed can expose epoxy materials in suspected void locations
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and thus confirm the A7/B7 mode. This operation was completed by the author during dummy testing and
has been confirmed.

Figure 3.8 Alternative pull-off failure modes

As mentioned, mode B9 complements mode B8 in describing failure at the base of the dollup. This
condition occurs when the technician scores at or beyond the 0.25-0.50 in. (6-12 mm) depth recommended
in the standard and is due to a stress concentration developed by the coring bit. A further discussion of this
mode has been provided in 0 as the associated stress concentration is not documented in the available
literature.
3.3.2

Bonded System Configurations
As discussed in section 3.1 total of 18 combinations of system configurations were arranged for the

study. The combinations were built from the three concrete mixtures, two surface preparation techniques,
and three structural epoxies. With respect to pull-off testing three repetitions were allocated for each
combination. Sample size was reduced from 5 specimens as allowed by the D7522 standard if ASTM E122
is used for resizing determination [37]. Per E122 required sample size can be calculated assuming normally
distributed results using
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3𝜎0 2
𝑛=(
)
𝐸
where 𝜎0 approximates the experimental standard deviation and 𝐸 is the average difference in specimen
parameter units from the sample mean. The approximated standard deviation can also be expressed as the
product of population mean, 𝜇, and coefficient of variation, 𝐶𝑉
𝜎0 = 𝜇 × 𝐶𝑉
To begin, 𝜇 was arbitrarily set at 200 psi (1.38 MPa) which corresponds to the lowest allowable
bond strength for bond critical applications as previously noted. The values of 𝐸 and 𝐶𝑉 were
conservatively set at 100 psi (0.689 MPa) and 25%, respectively, based on prior testing experience.
Combining expressions and solving for 𝑛
2

𝑛=(

3 × 𝜇 × 𝐶𝑉 2
3(200 𝑝𝑠𝑖)(0.25)
) =(
) = 2.25
𝐸
100 𝑝𝑠𝑖

The value of 2.25 was rounded to 3 and when applied to each combination which was tested over
6 aging periods a total of 324 D7522 specimens were produced.
3.3.3

Specimen and Test Fixture Design
The conventional method for conducting direct tension testing involves a manual or automatic

tester used on dollies which are applied over a broad area in both field and laboratory settings (Figure 3.9).
To facilitate uniform moisture exposure among each epoxy-concrete combination concrete prisms were
prepared with a single dolly adhered to the epoxy-bonded surface. Prisms were of dimensions 3.0 x 3.0 x
2.5 in. (7.62 x 7.62 x 6.35 cm) based on conservative calculations using lower bound concrete strength,
high pull-off force, and dolly/test fixture logistics.
A novel test fixture was designed and manufactured to facilitate controlled-rate loading of pull-off
specimens. The fixture schematic elevation is shown in Figure 3.10 and empty and with a specimen in
Figure 3.11. The fixture connects to any UTM and is composed of a lower reaction frame which holds the
specimen while an upper hook pulls on the dolly head. The specimen bears against the soffit of the lower
fixture’s top plate until the specimen fails at which the block falls onto the neoprene pad inside the reaction
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frame. Dummy specimens of similar geometry were used to confirm performance of the test fixture. The
dummy specimens were composed of 4 ksi (27.58 MPa) Sakrete externally bonded with 3M DP-420 epoxy
in dry conditions.

Figure 3.9 Use of a mechanically driven pull-off tester in a field application

Figure 3.10 Schematic elevation view of novel pull-off fixture
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Figure 3.11 Pull-off test fixture

3.3.4

Specimen Preparation
Pull-off specimens were first cast as slabs of approximate dimensions 9 x 9 x 2.5 in. (22.86 x 22.86

x 6.35 cm) from which 9 individual prisms were saw cut. Each concrete required 13 slabs be cast for a total
of 39. The portioning of each slab is shown split among Figure 3.12 and Figure 3.15 with each specimen
labeled. The specimen labeling scheme used was “[Concrete Mix]-[Epoxy]-[Surface Preparation Method][Testing Period]-[Testing Repetition]”. For example, CB-E3-P2-T4-R2 is the second of three specimens
utilizing the medium strength concrete, third type of epoxy, second surface preparation method, and was to
be tested at the fourth aging period. Note that surface preparation methods and aging periods will be
discussed in the coming sections.
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Figure 3.12 Concrete slab portioning - slabs 1 thru 4

29

Figure 3.13 Concrete slab portioning - slabs 5 thru 8
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Figure 3.14 Concrete slab portioning - slabs 9 thru 12
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Figure 3.15 Concrete slab portioning – slab 13

Prisms labeled “EXTRA” were used for penetration depth approximation. Figure 3.16 shows these
slabs after removal from formwork.

Figure 3.16 Concrete slabs after removal of forms

The ACI 440 committee documents on FRP refer to International Concrete Repair Institute (ICRI)
guidelines for surface profile and preparation techniques. Profile categorization is facilitated using concrete
surface profile (CSP) chips as shown in which are numbered 1 (nearly flat) through 10 (maximum peak
amplitudes approximately 0.25 in).
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ACI documents recommend surfaces receiving FRP be roughened to an equivalence of CSP 3. For
this study, surfaces were prepared with intended profiles of CSP 1 and 3 to provide a smooth vs roughened
comparison. Preparation of the cast slabs first involved removing laitance to expose coarse aggregate
followed by roughening of applicable surfaces. Laitance was removed using a handheld grinder with 4 in.
(10.16 cm) concrete wheel attachment. Care was taken to ensure a reasonably level surface free of grooves
and notches. This level of surface roughness was designated as profile P1. Differences between un-prepared
and ground slab surfaces are shown in Figure 3.17 (A) and (B), respectively.

Figure 3.17 Concrete slab (A) before and (B) after grinding

Half of the prepared slabs were slated for additional surface preparation to achieve a profile closer
to an equivalent CSP 3 roughness. The ICRI presents several methods for achieving prescribed CSP values
[42]. For CSP 3 acid etching, needle scaling, abrasive blasting, shot blasting, and high- and ultra-highpressure water jetting are the recommended methods. Acid etching was first attempted on dummy slabs
accessible to the author. Two products were evaluated for efficacy. The first product was a conventional
muriatic acid-based solution, while the second was citric acid-based, advertised as a safer alternative with
a relatively lower environmental impact. The products were applied to dummy concrete surfaces with little
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to no notable increase in surface profile. In addition, the acids required additional precautions due to the
potential for physical harm.
Abrasive blasting was attempted using a light sandblaster chamber. This method was found to
induce negligible changes in surface profile and was time-consuming.
Needle scaling was the third and final method evaluated. This method involves striking the concrete
surface with and array of flat or rounded head rods using an air-powered gun. Although difficult to ensure
perfect consistency within a slab area among all prepared slabs, care was taken to minimize notable
differences between surface. This method was found to be produce the intended roughened surface and was
relatively quick to perform. Slabs were then cut into cube shapes using a MK Diamond wet saw.
Epoxy bonding and subsequent storage was performed in standard laboratory conditions and
followed the manufacturer’s recommendations for each product. To maintain study consistency, the
minimum recommended overlay thickness of 1/8 in. (0.3175 cm) was used for all specimens. A 2 in. (5.08
cm) wide strip of duct tape was applied to the perimeter of each prism to create a 1 in. (2.54 cm) boundary
to mitigate epoxy runoff which was marked to indicate the desired final thickness. Epoxies E1 and E3 were
poured over respective specimens whereas epoxy E2 was mechanically spread due to the higher viscous
nature of the mixture (Figure 3.18).
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Figure 3.18 Subset of study cubes bonded with type E2 epoxy

Nine cubes – one for each concrete-epoxy combination – labeled “EXTRA” were reserved for
penetration depth approximation. As shown in Figure 3.19 half of the available bond surface for each cube
was needle scaled to create the P2 surface profile. Once the epoxies were applied and allowed to cure, the
cubes were saw cut such that both surface profiles were visible on one cross section. The exposed cross
sections were then photographed (Figure 3.20). Maximum epoxy penetration depths were determined using
scaled photographs scaled in CAD software. The results are shown in Table 3.4. By inspection, penetration
depths decreased for each combination with an increase in concrete compressive strength. This finding was
expected as porosity also decreases for stronger concretes. The maximum measured penetration depth was
0.123 in. (3.122 mm) for epoxy E3 bonded to concrete CA. Considering ASTM D7522 recommends a
minimum scoring depth of 0.25 in. (6 mm) a scoring approach in accordance with the standard would
capture locations of maximum epoxy penetration.
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Figure 3.19 Cubes for epoxy penetration depth determination after curing

Figure 3.20 Example close-up photograph of epoxy penetration depth using CA-P1-E3 cube
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Table 3.4 Epoxy penetration depth measurement

Thereafter, the cubes were scored to an approximate depth of 1/8 in. (0.3175 cm) using a Lenox 13/8 in. (3.4925 cm) diamond-coated hole saw. At this depth, the occurrence of failures beneath A7/B7 are
virtually eliminated ensuring more specimens were available for bond plane analysis. Drilling to the target
depth was facilitated by slowly scoring until the powdery particulates escaping the scored trough resembled
cementitious material. Surface penetration was corroborated by noting visible coarse aggregate through the
scored trough. Dummy testing confirmed the effectiveness of this method on the study specimens.
However, further investigation is required to determine the efficacy for multi-ply bonded FRP systems
where visual confirmation may be more difficult. Scoring with the 1-3/8 in. bit resulted in an approximate
1-1/4 in. (3.175 cm) diameter scored surface.
Scored areas were then roughened with 150 grit sandpaper to both roughen for enhanced dolly
bonding as well as to remove any significant surface variations that would otherwise influence the levelness
of the applied dolly. The surrounding scored slots were cleared out with pressurized air, allowing the scored
area to then be cleaned with acetone. The dollies used in the study had a diameter of 1.25 in. (3.175 cm),
had short and long necks, and were recycled from previous studies conducted by the author. In order to
reuse dollies, a tin pale was filled with acetone and the used dollies placed inside for at least 3 days. The
adhered materials from previous use typically detached from the dolly rendering it “like-new” and any
residual materials were scraped. The application surfaces of each dolly were then sandblasted, rinsed with
water, dried with pressurized air, then placed in a zip-locking bag to prevent contamination. Dollies were
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then carefully installed using a small bead of 3M Scotch-Weld DP-420 structural adhesive epoxy as shown
in Figure 3.21. The specified set time for the DP-420 epoxy is 20 minutes with a 24-hour cure time. Dollies
typically shift after installation; additional care was taken to reposition dollies and check for levelness with
a hand level to within a ±1° inclination angle prior to achieving set. The maximum allowable inclination
angle was deemed acceptable as Courard et al. showed an inclination angle of 2° reduced pull-off strength
by 7-9% [22]. To prevent bridging of epoxy across scored slots, fine-tipped cotton swabs were used to wipe
excess materials and clear slotted areas. This method was found to produce specimens which were
acceptable for use in testing. However, a device designed to install dollies for use with specific test fixtures
may provide increased quality assurance in future laboratory studies.

Figure 3.21 Example group of pull-off specimens with adhered dollies

3.3.5

Concrete Surface Characterization
Representative studies have highlighted the influence of surface roughness on the bond strength

between FRP systems and polymers and concrete substrates [17, 44]. These studies suggest that roughening
can reduce tensile bond strength if damage is induced and can provide a higher relative shear bond strength
as compared to tensile bond when evaluating smooth versus roughened surfaces.
Surface roughness parameters stem from the field of surface metrology which is of interest to
researchers involved with concrete repairs. Santos and Júlio [48] authored a state-of-the-art review of these
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parameters with commentary on usage. The commonly utilized expressions have been transcribed and are
summarized in Table 3.5.
For field investigations there are several methods used to characterize concrete surfaces. Such
methods include comparison to ICRI CSP chips, sand patch testing, surface molding, and dial measurement.
The CSP chips are the most used method as they are readily interpreted by both engineers and contractors
and patch testing has been shown to be effective in providing a quick but accurate estimation of surface
roughness parameters. However, the methods do not provide enough data to calculate the surface roughness
parameters as required for model development. A more robust scanning was provided by the USF Digital
Heritage and Humanities Collection. For this a subset of cubes were provided containing both P1 and P2
surface profiles.
3.4

Aging Protocol
The primary goal of this study is to visualize time-dependent bond behavior for systems subjected

to accelerated hygrothermal aging. An aging protocol was devised to assist in visualizing this behavior.
Considerations for the protocol included total aging duration, aging temperature, and number and spacing
of aging periods. Note that specimens were not intended to undergo additional mechanical loading via
sustained or cyclic methods during the aging process. It is expected that bond behavior beyond the transition
from mixed mode to interface will exhibit a characteristic shape that is readily modeled. This model could
be extrapolated to determine the time to reach an aged debond condition and to further understand bond
behavior by studying pull-off test failures as they transition out of the substrate and towards the epoxyconcrete interface. If this behavior can be captured within an allocated time frame, it may be possible to
extrapolate the degradation curve and estimate the time at which the bond plane will fully deteriorate. Since
the interest of the study is to capture transitional behavior, it is not crucial for the aging protocol to capture
full deterioration. As such, the protocol is developed to envelope bond behavior until failures are
predominantly at the bond plane. The forthcoming sections will elucidate the considerations made when
creating the aging protocol.
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Parameter
Average Roughness

Root-Mean-Square
Roughness

Table 3.5 Surface roughness parameters
Symbol
Expression

𝑅𝑞

𝑛

Most common

𝑖=1

Does not differentiate
local variability

1
𝑅𝑎 ≈ ∑|𝑧𝑖 |
𝑛

𝑅𝑎

Notes

𝑛

More sensitive to peaks
and valleys

𝑖=1

Does not differentiate
local variability

1
𝑅𝑞 ≈ √ ∑ 𝑧𝑖2
𝑛
5

Mean Peak Height

𝑅𝑝𝑚

𝑅𝑝𝑚

1
= ∑ 𝑝𝑖
5

Taken over five equal
sampling lengths

𝑖=1
5

Mean Valley Depth

1
𝑅𝑣𝑚 = ∑ 𝑣𝑖
5

𝑅𝑣𝑚

𝑖=1

5

Mean Peak-to-Valley
Height

𝑅𝑧(𝐷𝐼𝑁)

Ten Points Height

𝑅𝑧(𝐼𝑆𝑂)

𝑅𝑧(𝐷𝐼𝑁)

1
= ∑(𝑝𝑖 + 𝑣𝑖 )
5

Sensitive to location
and spacing of peaks
and valleys

𝑖=1

𝑅𝑧(𝐼𝑆𝑂)

5

5

𝑖=1

𝑖=1

1
= (∑ 𝑝𝑖 + ∑ 𝑣𝑖 )
5

Taken over a total
evaluation length (total
of five sample lengths)

Maximum Peak Height

𝑅𝑝

𝑅𝑝 = 𝑚𝑎𝑥{𝑝𝑖 }

Maximum Valley
Depth

𝑅𝑣

𝑅𝑣 = 𝑚𝑎𝑥{𝑣𝑖 }

Taken over a 2D or 3D
surface

Maximum Peak-toValley Height

𝑅𝑚𝑎𝑥

𝑅𝑚𝑎𝑥 = max {𝑝𝑖 + 𝑣𝑖 }

Based on extreme
values of a profile

Total Roughness
Height

𝑅𝑦

𝑅𝑦 = 𝑚𝑎𝑥{𝑝𝑖 } + 𝑚𝑎𝑥{𝑣𝑖 }

3.4.1

Total Duration
A review of multiple studies involving bond tests on aged specimens yielded a wide variation of

exposure durations which ranged from 8 to 90 weeks [8, 12, 18, 31, 43, 49, 51, 53, 54] . The selection of
an aging duration for this study required that bond behavior at least approached asymptotic leveling. This
criterion ensured that all specimen combinations would fully undergo transition from substrate to interface
failures. As will be later discussed, this transition was expected to complete earlier, rendering the total
duration selection as a safety net for study integrity.
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The queried studies indicated the asymptotic behavior occurs between 4 and 15 weeks, based highly
on the aging temperature and test method. To confidently safeguard from the potential issue of not having
one or more combinations fully complete transitioning, the duration of 15 weeks was initially selected for
this study. Note that the referenced 15-week asymptotic behavior was shown through pull-off testing by
Benzarti et al. 2011 [12] who aged specimens at 40°C (104°F) in 95% RH. It was later decided that a 200day (28 week) aging duration would capture delayed transition points considering the number of study
combinations.
3.4.2

Aging Temperature
Since the goals of the study required capturing changes to degradation behavior in a timely manner,

a higher aging temperature was desired. However, care must be taken for such planning as micro-level
failure modes can change at temperatures approaching the glass transition temperature, 𝑇𝑔 , and/or post-cure
temperature of thermosetting materials. The three acquired epoxies E1, E2, and E3 were supplied with
documented 𝑇𝑔 values of 53°C (127.4°F), 58°C (136.4°F), and 82°C (179.6°F), respectively. In addition,
epoxies E1 and E2 have the same maximum suggested service temperature of 45°C (113°F). Epoxy E3
documentation has no such value but does contain a recommended post-cure temperature of 60°C (140°F).
By inspection, epoxy E3 should have a relatively higher maximum service temperature and so the
temperature of 45°C for epoxies E1 and E2 controls the selection of aging temperature for the study.
However, to avoid reaching this threshold the protocol will used an aging temperature of 40°C (104°F).
3.4.3

Aging Periods
Due to the logistics of conducting a series of system and material tests over a 200-day period, it

was determined that only six time slots would be feasible for testing. Of these time slots, day 0 was used
for control testing (termed T0) and day 200 was used for both aged (T4) and control (T04) testing. The
remaining three aging periods will be discussed herein based on the motivation of capturing changes in
failure modes.
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Bonniau and Bunsell performed a water sorption study in which specimens were exposed to
temperatures of 23°C (73.4°F), 40°C (104°F), 60°C (140°), 80°C (176°F), and 90°C (194°F) with relative
humidity (RH) varying incrementally between 0 and 100% [14]. They reported damage to aged composites
after 2 weeks of exposure to 95-100% RH regardless of the aging temperature. As such, the first intermittent
time slot will be set at 2 weeks (14 days).
As previously mentioned, pull-off failures are expected to fully transition to the epoxy-concrete
interface prior to the 200-day end period. The available literature was queried to extract such a time slot
generally applicable to the study materials. Unfortunately, all but three available studies did not indicate
points where failure modes transition [12, 51, 54]. Of these, the findings from Benzarti et al. provided
critical guidance as they found that pull-off test failures transitioned to the interface at as early as 5 weeks
during a 90-week aging program at 40°C (104°F). It was then decided that doubling aging periods using 28
and 56 may be effective to capture both the initiation and conclusion of controlling strength transition. To
conclude, the test periods for the study were set as days 0 (control), 14 (aging), 28 (aging), 56 (aging), 200
(aging), and 200 (control).
3.4.4

Protocol Summary
The aging protocol for this study is summarized as follows: 200 total days of immersion in potable

water at 40°C (104°F); six total test periods set at days 0 (control), 14 (aging), 28 (aging), 56 (aging), 200
(aging), and 200 (control). This protocol was implemented by removing a subset of available submerged
specimens for testing without replacement. A summary of the aging periods is shown in Table 3.6.
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Table 3.6 Aging periods

3.4.5

Protocol Implementation
The chamber to hold all aging protocol specimens was placed outside of a USF engineering

laboratory in a covered setting as shown in Figure 3.22. Municipal water was pumped into the container
which was fixed with a circulating pump and heating element to induce and maintain a uniform set
temperature (Figure 3.23). The water was refreshed as needed when evaporation decreased the level down
to the submerged end of the heating element. Water temperature in the tank was recorded via an Elitech
RC-4 Temperature Logger through a probe which was suspended at the bottom of the tank. One data point
was recorded every 10 seconds for the first 16,000 data points then every hour thereafter. The data points
were extracted using the Elitech ElitechLog software package for MS Windows. All applicable study
specimens were submerged at 6:00 pm local time and retrieved from the aging tank at 6:00 pm on the
respective dates based on the aging schedule.
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Figure 3.22 Accelerated aging chamber

Figure 3.23 Heating element and circulating pump attached to aging chamber
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Figure 3.24 Temperature data logger attached to aging chamber
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Chapter 4:
4.1

Results

Accelerated Aging Chamber
Aging chamber temperature history is plotted in Figure 4.1. The peak temperature recorded was

44.7°C and the average after reaching the set point was 40.1°C. It took about a day and a half to reach the
set point. The increase in variation of temperatures at the later portion of the plot reflects the lag induced
by ambient temperatures during seasonal change.

Figure 4.1 Aging chamber temperatures (07/07/2018 to 01/23/2019)
4.1.1

Moisture Uptake
As discussed in section 2.6 epoxy degradation of common structural epoxies has been observed

based on both the critical moisture uptake which can occur between 1 to 2% by mass and after 8 weeks of
continuous moisture exposure. Epoxy coupons of a uniform geometry were prepared for use in both
moisture uptake analysis as well as a sister study (Figure 4.2). These coupons were cast after the bulk of
the study specimens were submerged in the aging chamber and thus their aging period was reduced to 173
days. Mass and moisture uptake results prior to and at the end of aging are shown in Table 4.1.
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Figure 4.2 Epoxy coupons for moisture uptake analysis

Table 4.1 Epoxy moisture uptake

Uptake for each specimen was calculated using the formula:
𝑀𝑈(%) =

𝑀𝑖 − 𝑀𝐷𝑅𝑌
× 100%
𝑀𝐷𝑅𝑌
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The lowest uptake percentages were exhibited by epoxy E2 with values of 1.88%, 1.82%, 1.85%,
and 1.91%. Over the 24+ week aging period these values indicate critical moisture uptake likely occurred
and thus degradation at the bond plane was likely to be captured.
4.2
4.2.1

Material Characterization Tests
Concrete Compressive Strength and Resulting properties
Concrete compressive strength test results are shown in Table 4.2. The 28-day compressive

strengths were deemed to satisfy the intent of mixture selection and were thus accepted for the study.

Table 4.2 Concrete compressive strength results

4.2.2

Concrete Surface Analysis
Object files were generated for scanned concrete surfaces which contained more than a million raw

data points each based on a 0.1 mm (0.0039 in.) precision. As shown in Figure 4.3 surface scanning of
concrete CA prisms utilized partial regions of P1 and P2 surfaces to be extracted for analysis. The raw data
in each region was analyzed using various surface roughness parameter expressions. Results for each
concrete are shown in Table 4.3.
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Figure 4.3 Surface scan of concrete CA prisms

Table 4.3 Concrete surface profile analysis results

4.2.3

Concrete Direct Tensile Strength
Direct tensile test results are shown in Table 4.4 with averages shown in Table 4.5. Results indicate

roughening decreases the direct tensile strength of the substrate. Comparing the results of profiles P1 and
P2 reductions of 25%, 33% and 33% were calculated for concretes CA, CB, and CC, respectively. This
finding agrees with results from similar studies. In all cases the direct tensile strength was lower than the
respective modulus of rupture, 𝑓𝑟 . This value was calculated using a lower-bound ACI 318 tensile strength
relationship for plain concrete, 𝑓𝑟 = 5√𝑓′𝑐 and confirms the necessity to perform direct tensile testing
rather than relying on the modulus of rupture to indicate tensile stress resistance at the concrete surface.
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Table 4.4 Concrete direct tensile strength results

Table 4.5 Average direct tensile strengths and moduli of rupture

4.3

Pull-Off Tests
Pull-off test results are presented in Table 4.6 through Table 4.14 for each concrete-epoxy

combination. By inspection, the results were accepted for further analysis as early aging strengths met or
exceeded the respective direct tensile strengths shown in Table 4.4 and were similarly lower for debonding
(A5) failures. The raw data was also grouped and analyzed using basic statistical measures of scatter –
variance, standard deviation, and coefficient of variation (COV) – as shown in Table 4.15 through Table
4.20. The tables indicate that despite careful planning and execution, a high spread of COV values was
generated among combination repetition results. These values range between 0.78% and 48.26% and can
be attributed to both known and unknown factors as well as natural variation. Aside from the known factors
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to be discussed in section 5.1 typical sources of natural variation for pull-off results for an automated test
can be attributed to engagement of coarse aggregate, variation and size of coarse aggregate along the dollup,
microcracking in and around the dollup, incidental torsional stress during scoring, and misalignment of the
dolly resulting in a force-moment loading pattern at the bond plane.
Section 3.3.1 explained the A / A1 / B1 failure mode as a disqualifier for results acceptance. Aside
from the condition which was shown in Figure 3.8 specimens in this study marked with the A1 failure mode
also included those which exhibited epoxy bridging, mixed A1 with another mode, or another condition
which rendered the data unusable for analysis. Seventy-seven specimens exhibited mode A1 failures from
which two of the noted scenarios were encountered: dolly separation from the adherent (due to an
inadequately roughened dolly surface) and cohesive failure of adherent (attributed to poor mixing ratios
due to application gun malfunction). Fortunately, when either condition occurs, it may be possible to
remove and reapply the dolly after rectifying the issue and retest the specimen if the load applied during
the first test is suspected to be relatively low. If the peak force from the retest is higher than the first round,
the specimen data may be used in analysis provided the retest failure mode is acceptable. Otherwise, the
specimen, regardless of retest failure mode, is classified as mode A1 as it describes the mode which
rendered the specimen unusable in analysis.
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Table 4.6 Pull-off test results - concrete CA-E1
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CA-P1-T0-E1-R1
CA-P1-T0-E1-R2
CA-P1-T0-E1-R3
CA-P1-T1-E1-R1
CA-P1-T1-E1-R2
CA-P1-T1-E1-R3
CA-P1-T2-E1-R1
CA-P1-T2-E1-R2
CA-P1-T2-E1-R3
CA-P1-T3-E1-R1
CA-P1-T3-E1-R2
CA-P1-T3-E1-R3
CA-P1-T4-E1-R1
CA-P1-T4-E1-R2
CA-P1-T4-E1-R3
CA-P1-T04-E1-R1
CA-P1-T04-E1-R2
CA-P1-T04-E1-R3

A7
A7
A6
A7
A7
A7
A8
A7
A7
A1
A8
A7
A1
A6
A1
A1
A8
A8

266.6
359.5
300.0
204.3
311.7
277.4
280.7
153.1
222.6
246.0
140.6
208.0
175.8
115.3
201.0
377.3
279.2
282.3

CA-P2-T0-E1-R1
CA-P2-T0-E1-R2
CA-P2-T0-E1-R3
CA-P2-T1-E1-R1
CA-P2-T1-E1-R2
CA-P2-T1-E1-R3
CA-P2-T2-E1-R1
CA-P2-T2-E1-R2
CA-P2-T2-E1-R3
CA-P2-T3-E1-R1
CA-P2-T3-E1-R2
CA-P2-T3-E1-R3
CA-P2-T4-E1-R1
CA-P2-T4-E1-R2
CA-P2-T4-E1-R3
CA-P2-T04-E1-R1
CA-P2-T04-E1-R2
CA-P2-T04-E1-R3

A1
A7
A1
A7
A7
A7
A7
A7
A7
A1
A8
A7
A1
A7
A8
A1
A8

305.8
315.8
333.9
329.2
264.3
318.2
215.7
283.9
334.0
165.1
308.8
114.2
125.0
146.1
284.3
181.3
291.0
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Table 4.7 Pull-off tests results - concrete CA-E2
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CA-P1-T0-E2-R1
CA-P1-T0-E2-R2
CA-P1-T0-E2-R3
CA-P1-T1-E2-R1
CA-P1-T1-E2-R2
CA-P1-T1-E2-R3
CA-P1-T2-E2-R1
CA-P1-T2-E2-R2
CA-P1-T2-E2-R3
CA-P1-T3-E2-R1
CA-P1-T3-E2-R2
CA-P1-T3-E2-R3
CA-P1-T4-E2-R1
CA-P1-T4-E2-R2
CA-P1-T4-E2-R3
CA-P1-T04-E2-R1
CA-P1-T04-E2-R2
CA-P1-T04-E2-R3

A1
A8
A8
A8
A7
A8
A8
A8
A7
A6
A8
A6
A6
A7
A8
A8
A6

419.7
186.5
236.3
200.9
288.8
336.0
296.3
274.1
201.3
207.7
246.6
196.2
172.8
162.8
170.9
195.5
174.7

CA-P2-T0-E2-R1
CA-P2-T0-E2-R2
CA-P2-T0-E2-R3
CA-P2-T1-E2-R1
CA-P2-T1-E2-R2
CA-P2-T1-E2-R3
CA-P2-T2-E2-R1
CA-P2-T2-E2-R2
CA-P2-T2-E2-R3
CA-P2-T3-E2-R1
CA-P2-T3-E2-R2
CA-P2-T3-E2-R3
CA-P2-T4-E2-R1
CA-P2-T4-E2-R2
CA-P2-T4-E2-R3
CA-P2-T04-E2-R1
CA-P2-T04-E2-R2
CA-P2-T04-E2-R3

A8
A1
A8
A1
A7
A7
A7
A7
A1
A7
A7
A7
A8
A7
A7
A1
A7

236.5
108.4
232.8
197.3
283.6
233.1
296.8
258.8
79.5
278.8
190.2
280.1
272.3
143.2
137.7
157.6
144.7
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Table 4.8 Pull-off test results - concrete CA-E3
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CA-P1-T0-E3-R1
CA-P1-T0-E3-R2
CA-P1-T0-E3-R3
CA-P1-T1-E3-R1
CA-P1-T1-E3-R2
CA-P1-T1-E3-R3
CA-P1-T2-E3-R1
CA-P1-T2-E3-R2
CA-P1-T2-E3-R3
CA-P1-T3-E3-R1
CA-P1-T3-E3-R2
CA-P1-T3-E3-R3
CA-P1-T4-E3-R1
CA-P1-T4-E3-R2
CA-P1-T4-E3-R3
CA-P1-T04-E3-R1
CA-P1-T04-E3-R2
CA-P1-T04-E3-R3

A7
A7
A7
A7
A7
A7
A7
A7
A7
A7
A7
A1
A7
A7
A1
A7
A7

315.7
345.8
273.4
286.5
136.7
259.2
310.6
295.7
286.0
143.8
187.6
210.6
188.1
260.1
219.5
381.0
265.0

CA-P2-T0-E3-R1
CA-P2-T0-E3-R2
CA-P2-T0-E3-R3
CA-P2-T1-E3-R1
CA-P2-T1-E3-R2
CA-P2-T1-E3-R3
CA-P2-T2-E3-R1
CA-P2-T2-E3-R2
CA-P2-T2-E3-R3
CA-P2-T3-E3-R1
CA-P2-T3-E3-R2
CA-P2-T3-E3-R3
CA-P2-T4-E3-R1
CA-P2-T4-E3-R2
CA-P2-T4-E3-R3
CA-P2-T04-E3-R1
CA-P2-T04-E3-R2
CA-P2-T04-E3-R3

A1
A7
A7
A1
A1
A7
A1
A1
A7
A7
A7
A6
A7
A1
A8
A7
A8
-

352.9
359.5
290.0
237.1
341.5
193.1
202.9
197.8
284.8
257.5
166.8
215.8
111.9
131.9
209.4
197.9
306.7
-

54

Table 4.9 Pull-off test results – concrete CB-E1
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CB-P1-T0-E1-R1
CB-P1-T0-E1-R2
CB-P1-T0-E1-R3
CB-P1-T1-E1-R1
CB-P1-T1-E1-R2
CB-P1-T1-E1-R3
CB-P1-T2-E1-R1
CB-P1-T2-E1-R2
CB-P1-T2-E1-R3
CB-P1-T3-E1-R1
CB-P1-T3-E1-R2
CB-P1-T3-E1-R3
CB-P1-T4-E1-R1
CB-P1-T4-E1-R2
CB-P1-T4-E1-R3
CB-P1-T04-E1-R1
CB-P1-T04-E1-R2
CB-P1-T04-E1-R3

A7
A7
A7
A1
A6
A1
A1
A5
A7
A1
A1
A1
A1
A6
A7
A1
A7

464.6
394.4
558.4
239.6
502.9
277.8
394.2
339.8
408.4
97.7
229.6
121.8
330.7
450.0
168.0
590.5
347.6

CB-P2-T0-E1-R1
CB-P2-T0-E1-R2
CB-P2-T0-E1-R3
CB-P2-T1-E1-R1
CB-P2-T1-E1-R2
CB-P2-T1-E1-R3
CB-P2-T2-E1-R1
CB-P2-T2-E1-R2
CB-P2-T2-E1-R3
CB-P2-T3-E1-R1
CB-P2-T3-E1-R2
CB-P2-T3-E1-R3
CB-P2-T4-E1-R1
CB-P2-T4-E1-R2
CB-P2-T4-E1-R3
CB-P2-T04-E1-R1
CB-P2-T04-E1-R2
CB-P2-T04-E1-R3

A6
A7
A7
A7
A7
A7
A7
A7
A7
A1
A1
A7
A1
A1
A1
A7
A7
-

320.3
321.0
416.6
271.5
289.6
234.4
309.8
277.7
306.9
182.8
198.5
160.5
282.4
158.6
54.3
363.4
316.0
-
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Table 4.10 Pull-off test results – concrete CB-E2
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CB-P1-T0-E2-R1
CB-P1-T0-E2-R2
CB-P1-T0-E2-R3
CB-P1-T1-E2-R1
CB-P1-T1-E2-R2
CB-P1-T1-E2-R3
CB-P1-T2-E2-R1
CB-P1-T2-E2-R2
CB-P1-T2-E2-R3
CB-P1-T3-E2-R1
CB-P1-T3-E2-R2
CB-P1-T3-E2-R3
CB-P1-T4-E2-R1
CB-P1-T4-E2-R2
CB-P1-T4-E2-R3
CB-P1-T04-E2-R1
CB-P1-T04-E2-R2
CB-P1-T04-E2-R3

A1
A1
A1
A1
A6
A8
A6
A6
A5
A6
A6
A6
A1
A6
A6
A1
-

420.7
386.5
264.6
345.3
289.4
311.9
258.6
268.3
250.2
197.4
326.6
308.0
187.9
343.3
321.2
157.6
-

CB-P2-T0-E2-R1
CB-P2-T0-E2-R2
CB-P2-T0-E2-R3
CB-P2-T1-E2-R1
CB-P2-T1-E2-R2
CB-P2-T1-E2-R3
CB-P2-T2-E2-R1
CB-P2-T2-E2-R2
CB-P2-T2-E2-R3
CB-P2-T3-E2-R1
CB-P2-T3-E2-R2
CB-P2-T3-E2-R3
CB-P2-T4-E2-R1
CB-P2-T4-E2-R2
CB-P2-T4-E2-R3
CB-P2-T04-E2-R1
CB-P2-T04-E2-R2
CB-P2-T04-E2-R3

A7
A8
A8
A7
A8
A7
A8
A6
A6
A1
A6
A6
A6
A1
A1
A7
A1
A7

371.9
266.7
371.1
330.0
333.5
175.7
217.3
202.6
347.3
281.3
230.7
352.1
226.1
331.7
210.9
226.9
64.7
265.7
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Table 4.11 Pull-off test results – concrete CB-E3
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CB-P1-T0-E3-R1
CB-P1-T0-E3-R2
CB-P1-T0-E3-R3
CB-P1-T1-E3-R1
CB-P1-T1-E3-R2
CB-P1-T1-E3-R3
CB-P1-T2-E3-R1
CB-P1-T2-E3-R2
CB-P1-T2-E3-R3
CB-P1-T3-E3-R1
CB-P1-T3-E3-R2
CB-P1-T3-E3-R3
CB-P1-T4-E3-R1
CB-P1-T4-E3-R2
CB-P1-T4-E3-R3
CB-P1-T04-E3-R1
CB-P1-T04-E3-R2
CB-P1-T04-E3-R3

A8
A7
A7
A6
A7
A1
A6
A7
A7
A1
A7
A1
A5
A1
A1
A7
A1
A5

496.1
467.7
420.5
392.2
253.7
243.0
342.9
319.5
303.7
223.2
305.8
229.9
187.1
261.4
274.5
414.5
422.8
276.0

CB-P2-T0-E3-R1
CB-P2-T0-E3-R2
CB-P2-T0-E3-R3
CB-P2-T1-E3-R1
CB-P2-T1-E3-R2
CB-P2-T1-E3-R3
CB-P2-T2-E3-R1
CB-P2-T2-E3-R2
CB-P2-T2-E3-R3
CB-P2-T3-E3-R1
CB-P2-T3-E3-R2
CB-P2-T3-E3-R3
CB-P2-T4-E3-R1
CB-P2-T4-E3-R2
CB-P2-T4-E3-R3
CB-P2-T04-E3-R1
CB-P2-T04-E3-R2
CB-P2-T04-E3-R3

A6
A7
A6
A7
A7
A7
A1
A7
A1
A8
A7
A7
A1
A7
A7
A7
A7
-

283.1
364.5
406.4
283.4
298.4
375.3
377.8
228.8
308.2
311.5
226.2
258.5
308.1
249.3
154.1
279.5
294.0
-
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Table 4.12 Pull-off test results – concrete CC-E1
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CC-P1-T0-E1-R1
CC-P1-T0-E1-R2
CC-P1-T0-E1-R3
CC-P1-T1-E1-R1
CC-P1-T1-E1-R2
CC-P1-T1-E1-R3
CC-P1-T2-E1-R1
CC-P1-T2-E1-R2
CC-P1-T2-E1-R3
CC-P1-T3-E1-R1
CC-P1-T3-E1-R2
CC-P1-T3-E1-R3
CC-P1-T4-E1-R1
CC-P1-T4-E1-R2
CC-P1-T4-E1-R3
CC-P1-T04-E1-R1
CC-P1-T04-E1-R2
CC-P1-T04-E1-R3

A7
A7
A7
A7
A7
A7
A6
A6
A7
A1
A5
A7
A1
A1
A7
A8
A8

314.3
376.9
586.9
410.0
350.1
394.5
430.8
400.8
247.8
189.3
196.8
275.6
52.6
387.7
162.9
335.4
322.8

CC-P2-T0-E1-R1
CC-P2-T0-E1-R2
CC-P2-T0-E1-R3
CC-P2-T1-E1-R1
CC-P2-T1-E1-R2
CC-P2-T1-E1-R3
CC-P2-T2-E1-R1
CC-P2-T2-E1-R2
CC-P2-T2-E1-R3
CC-P2-T3-E1-R1
CC-P2-T3-E1-R2
CC-P2-T3-E1-R3
CC-P2-T4-E1-R1
CC-P2-T4-E1-R2
CC-P2-T4-E1-R3
CC-P2-T04-E1-R1
CC-P2-T04-E1-R2
CC-P2-T04-E1-R3

A7
A7
A7
A7
A7
A7
A7
A7
A7
A7
A7
A1
A7
A7
A7
A7
A7

346.9
342.8
369.8
392.0
392.1
439.9
383.1
320.6
347.8
259.9
215.3
208.7
304.8
272.5
265.1
470.0
331.4
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Table 4.13 Pull-off test results – concrete CC-E2
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CC-P1-T0-E2-R1
CC-P1-T0-E2-R2
CC-P1-T0-E2-R3
CC-P1-T1-E2-R1
CC-P1-T1-E2-R2
CC-P1-T1-E2-R3
CC-P1-T2-E2-R1
CC-P1-T2-E2-R2
CC-P1-T2-E2-R3
CC-P1-T3-E2-R1
CC-P1-T3-E2-R2
CC-P1-T3-E2-R3
CC-P1-T4-E2-R1
CC-P1-T4-E2-R2
CC-P1-T4-E2-R3
CC-P1-T04-E2-R1
CC-P1-T04-E2-R2
CC-P1-T04-E2-R3

A1
A1
A7
A7
A7
A5
A5
A5
A5
A5
A5
A5
A5
A5
A1
A1
A1
A5

471.4
297.1
375.1
431.1
359.5
248.2
231.7
258.7
282.8
262.8
221.0
302.4
362.1
328.3
136.8
375.3
282.8
361.6

CC-P2-T0-E2-R1
CC-P2-T0-E2-R2
CC-P2-T0-E2-R3
CC-P2-T1-E2-R1
CC-P2-T1-E2-R2
CC-P2-T1-E2-R3
CC-P2-T2-E2-R1
CC-P2-T2-E2-R2
CC-P2-T2-E2-R3
CC-P2-T3-E2-R1
CC-P2-T3-E2-R2
CC-P2-T3-E2-R3
CC-P2-T4-E2-R1
CC-P2-T4-E2-R2
CC-P2-T4-E2-R3
CC-P2-T04-E2-R1
CC-P2-T04-E2-R2
CC-P2-T04-E2-R3

A8
A8
A8
A7
A7
A1
A6
A6
A6
A7
A7
A6
A1
A6
A6
A1
A1
A1

296.1
240.7
350.6
246.9
288.2
305.3
244.0
324.8
303.2
342.7
304.9
292.5
19.0
387.3
375.8
358.6
250.8
331.0
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Table 4.14 Pull-off test results – concrete CC-E3
Specimen ID

Failure
Mode

Raw Pull-off
Strength (psi)

CC-P1-T0-E3-R1
CC-P1-T0-E3-R2
CC-P1-T0-E3-R3
CC-P1-T1-E3-R1
CC-P1-T1-E3-R2
CC-P1-T1-E3-R3
CC-P1-T2-E3-R1
CC-P1-T2-E3-R2
CC-P1-T2-E3-R3
CC-P1-T3-E3-R1
CC-P1-T3-E3-R2
CC-P1-T3-E3-R3
CC-P1-T4-E3-R1
CC-P1-T4-E3-R2
CC-P1-T4-E3-R3
CC-P1-T04-E3-R1
CC-P1-T04-E3-R2
CC-P1-T04-E3-R3

A1
A7
A6
A1
A1
A1
A1
A6
A6
A6
A7
A7
A7
A1
A1
A7
A7

443.3
459.9
384.9
478.1
367.4
417.0
375.6
504.6
390.4
556.6
332.5
349.0
376.0
166.7
160.7
433.5
347.6

CC-P2-T0-E3-R1
CC-P2-T0-E3-R2
CC-P2-T0-E3-R3
CC-P2-T1-E3-R1
CC-P2-T1-E3-R2
CC-P2-T1-E3-R3
CC-P2-T2-E3-R1
CC-P2-T2-E3-R2
CC-P2-T2-E3-R3
CC-P2-T3-E3-R1
CC-P2-T3-E3-R2
CC-P2-T3-E3-R3
CC-P2-T4-E3-R1
CC-P2-T4-E3-R2
CC-P2-T4-E3-R3
CC-P2-T04-E3-R1
CC-P2-T04-E3-R2
CC-P2-T04-E3-R3

A6
A7
A7
A7
A1
A7
A7
A7
A7
A7
A7
A7
A1
A7
A7
A7
A7
A7

419.4
276.0
411.2
291.4
405.7
316.7
335.2
352.0
264.8
305.2
314.6
333.0
276.3
349.9
279.0
331.1
379.6
334.9
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Table 4.15 Pull-off strength and basic measures of scatter - CA-P1

Table 4.16 Pull-off strength and basic measures of scatter - CA-P2

61

Table 4.17 Pull-off strength and basic measures of scatter - CB-P1

Table 4.18 Pull-off strength and basic measures of scatter - CB-P2
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Table 4.19 Pull-off strength and basic measures of scatter - CC-P1

Table 4.20 Pull-off strength and basic measures of scatter - CC-P2

Plots of the raw pull-off strengths over time are shown in Figure 4.4 thru Figure 4.9. These plots
exclude specimens failing in mode A1. In order to facilitate differentiation between each data series, plotted
points are shown bounded by hatched min-max envelopes. Each plot is overlaid with the corresponding
𝑓′𝐷𝑇 value for that concrete-surface preparation combination. Excepting three instances (CC-P1-E2, CC63

P1-E1, AND CC-P1-E2) the plotted results confirm early aging bond strength is greater than the substrate
direct tensile strength. The observed overall trend among all plots suggests that pull-off strength rapidly
decreases during the early periods of aging then slows. Instances of inconsistent behavior are present where
either 𝑓𝑃𝐷𝑇 increases during an early aging period or at the end of aging. The noted deceleration of the
apparent general behavior may either continue towards zero strength or render the strength asymptotic until
full deterioration of the epoxy-concrete bond is complete at which the strength would piecewise jump to
zero. The rapid strength decrease appears to be in contrast with the initial behavior hypothesized in Figure
3.2 but is otherwise in agreement. This behavior may be attributed to the diffusion / moisture transport
properties of the epoxy and concrete materials. Specifically, the number of available bonding sites for water
molecules is greatest at the onset of aging condition exposure. Per the data tables the various systems
underwent transition from substrate-controlled to debond-controlled and as noted, the generalized plotted
behavior suggests pseudo-asymptotic behavior is plausible. Also, in each concrete mixture the P2 profile
appears to slow the rate of degradation. Per the plots no single epoxy clearly demonstrates superior
degradation resistance with respect to the others.
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Figure 4.4 Pull-off strength vs time - CA-P1

Figure 4.5 Pull-off strength vs time - CA-P2
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Figure 4.6 Pull-off strength vs time - CB-P1

Figure 4.7 Pull-off strength vs time - CB-P2
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Figure 4.8 Pull-off strength vs time - CC-P1

Figure 4.9 Pull-off strength vs time - CC-P2
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The plotted raw data was also visualized as strength ratios and are shown in Figure 4.10 to Figure
4.15. The strength ratio is defined here as the ratio of the time-specific average pull-off strength to the
average control strength for that combination:
𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑟𝑎𝑡𝑖𝑜 =

𝑓𝑃𝐷𝑇
𝑓𝑃𝐷𝑇,𝑇0

Use of this visualization technique allows for percent strength reduction comparisons between
combinations and effectively normalizes all results. The percent reductions between control and point of
maximum degradation associated with each combination are summarized in Table 4.21. The maximum
recorded change was 60.9% by combination CA-P1-E1 whereas the minimum was 1.5% by CA-P2-E2.
The average percent reduction for all groups is 31.4% By inspection, surface roughening appears to
consistently mitigate degradation in CA combinations and provide mixed contribution to others. This
finding suggests the surface preparation method did not induce damage in the substrate. Among the study
epoxies, E2 appears to provide a relatively greater degradation resistance.

Figure 4.10 Pull-off strength ratios vs time - CA-P1
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Figure 4.11 Pull-off strength ratios vs time - CA-P2

Figure 4.12 Pull-off strength ratios vs time - CB-P1
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Figure 4.13 Pull-off strength ratios vs time - CB-P2

Figure 4.14 Pull-off strength ratios vs time - CC-P1
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Figure 4.15 Pull-off strength ratios vs time - CC-P2

Table 4.21 Pull-off strength reduction between control and minimum strength ratio

Last, specimen load-displacement graphs are included in Appendix C for user reference. Each
graph is an extraction from a worksheet developed in MS Excel to facilitate recording and analyzing raw
data and report the peak pull-off stress. A preliminary observation of the plots suggests a nonlinear behavior
once the specimen is engaged during loading as shown in Figure 4.16. This behavior is expected as the
constituent materials along the linear load path exhibit various strain magnitudes. For example, in the CAP1-E1 configuration, the strain in the concrete is approximated as 7.2 × 10−5 𝑖𝑛.⁄𝑖𝑛. (𝑚𝑚⁄𝑚𝑚) whereas
the epoxy strain is approximately 3.2 × 10−3 𝑖𝑛.⁄𝑖𝑛. (𝑚𝑚⁄𝑚𝑚).
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Figure 4.16 Load-displacement graph – CA-P1-T1-E1-R3
4.3.1

Results Validation
Pull-off test results were validated against data from similar studies. This step is key as the test

method implemented by the author produced data with an unknown degree of reasonableness. The
following are key findings from three such studies.
Al Azzawi conducted pull-off tests on carbon fiber-reinforced polymer (CFRP) systems bonded to
concrete slabs [7]. The study included 3 concrete strengths (2,325 psi / 16.0 MPa; 4,206 psi / 29.0 MPa;
7,040 psi / 48.5 MPa) and two structural epoxies (tensile strengths of 8,000 psi / 55.2 MPa and 10,500 psi
/ 72.4 MPa) used as the matrix materials with the same carbon fiber architecture. Specimens were aged at
30°C (86°F) for up to 105 days and exhibited pull-off strengths in the range of 253 psi (1.7 MPa) to 379 psi
(2.6 MPa).
The durability study conducted by Shrestha, Zhang, and Ueda involved six CFRP systems which
were bonded to concrete substrates and immersed in water for up to 18 months at 20°C (68°C) [51].
Material-specific characterization tests, as well as single-lap shear and pull-off (direct tension) tests were
performed to assess degradation behavior. Normalized pull-off results indicate strength reductions between
19 and 41%. One CFRP group was the exception to this behavior which exhibited a 69% strength increase
at 15 months before showing an overall 15% reduction at the end of aging.
Deng et al. studied durability aspects of five CFRP systems bonded to notched beam elements
under various environmental exposure conditions under both real-time and accelerated aging periods [24].
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The five CFRP systems were the result of combining two types of carbon fiber sheets with four structural
epoxies and including one pre-impregnated resin (prepreg) system. Exposure conditions included elevated
temperature, immersion in water, and solar light (ultraviolet exposure) with testing facilitated through threepoint bending and pull-off methods. With respect to water immersion, specimens were aged in baths with
four temperatures ranging between 30°C (86°F) and 60°C (140°F) for over 500 days. Results were reported
as percent reductions based on plotted strength ratios after 200 days for all temperatures. Reductions were
recorded a 40-50% for System A, 25-35% for System B, 100% for System C, and 20% for Systems D and
E. This study also summarized both strength and conceptual findings from others. To note, Aiello et al.
performed similar testing at a series of elevated temperatures and reported bond reductions of 35 % at 40°C
(104°F) and 77% at 50°C (122°F) [6].
By inspection the bond strength results presented in this study appear reasonable with respect to
exemplar studies by others. It was also noted that jumps in strength observed in the plotted filtered data was
observed by others at inconsistent time periods but was not readily explained.
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Chapter 5:
5.1

Discussion

Generalized Model Development
Multiple regression was performed on filtered raw data – raw data when A1-failing specimens were

excluded – in order to construct a generalized linear model. The choice of executing linear over nonlinear
analysis was determined by plotting the individual relationships between the independent variables and
dependent variable and roughly determining the functional relationship. None of the individual plots
produced a nonlinear functional relationship, thus a linear approach was deemed acceptable. Regression
analysis was facilitated using IBM SPSS Statistics 26 using the built-in stepwise method for determining
and utilizing significant factors. This method creates a preliminary model using the independent variable
with the highest Pearson correlation then adds the next highest correlating variable while holding the first.
This process is repeated until there are no more significant variables to include. As shown in Table 5.1 234
of the 324 total specimens were used in the analysis. As part of the multiple regression process, analysis of
variance (ANOVA) was performed. Filtered pull-off values were compared to 12 independent variables
from which square root of concrete strength, square root of aging time, mean peak height, and matrix tensile
strength were determined to be significant contributing factors (see footnote e). Though the threshold pvalue was set to 0.05 in SPSS, the final value for these factors was 2.626 × 10−24 < 0.01 indicating the
null hypothesis that the independent variables are sampled from populations with the same mean.
The generalized model was generated based on these factors using the coefficients shown in Table
5.2. The p-value for each factor is shown as < 0.01. Using unstandardized coefficients, the general model
is of the form
𝑓𝑃𝐷𝑇 = 3.647√𝑓′𝑐 − 1.205√𝑡 + 10,101.669𝑅𝑝𝑚 + 0.006𝑓𝑚𝑢 + 26.817 𝑝𝑠𝑖
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where 𝑓𝑃𝐷𝑇 , 𝑓′𝑐 , and 𝑓𝑚𝑢 are in 𝑝𝑠𝑖 and 𝑅𝑝𝑚 is in 𝑖𝑛. As shown in Table 5.4 the outputted correlation
coefficient for this model was 0.631 with a coefficient of determination of 0.388, indicating 38.8% of the
variability in pull-off strength can be explained by the independent variables. As a check, the DurbinWatson value found as 1.502 indicates no likely meaningful serial correlations (autocorrelation) exist.
Standardized residuals were also calculated by SPSS. The histogram of standardized values is
shown in Figure 5.1. As shown using the normal curve overlay, the standardized are, as expected, normally
distributed. The minimum standardized residual value was found to be -3.426 while the maximum was
found as 2.962. The individual residuals were reviewed for percentages exceeding the typical thresholds
for standardized normal distributions. The percentage of standard residuals exceeding ±1.95 was calculated
as 3.85% < 5%, indicating the mean is reasonable. A percentage of 2.14% was found for standard residuals
exceeding ±2.58, indicating the model poorly fits the sample data. Last, the percentage of standard residuals
exceeding ±3.29, 0.43%, indicates that the model may poorly represent the actual data.

Table 5.1 Descriptive statistics output from SPSS
Variable

Mean

Std.
Deviation

N

Failure Filtered Pull-off Strength, fPDT (psi)

297.911

85.0074

234

Concrete Compressive Strength, f'c (psi)

5,974.27

2,726.873

234

75.04141774

18.56155933

234

7,786.75

2,303.244

234

Average Roughness, Ra (in.)

0.0057162068 0.0024155975

234

RMS Roughness, Rq (in.)

0.0000584688 0.0000411255

234

Mean Peak Height, Rpm (in.)

-0.001799653 0.0033103533

234

Mean Valley Depth, Rvm (in.)

-0.004499008 0.0033899794

234

Maximum Peak Height, Rp (in.)

0.0136393882 0.0060864327

234

Maximum Valley Depth, Rv (in.)

-0.019216399 0.0102091204

234

Total Roughness Height, Ry (in.)

0.0328557872 0.0126773250

234

Square Root of Compressive Strength, f'c1/2 (psi1/2)
Matrix Tensile Strength, fmu (psi)

Aging Time, t (days)
Square Root of Aging Time, t1/2 (hrs1/2)

44.21

63.963

234

23.94196236

22.13138562

234
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Figure 5.1 SPSS histogram of standardized residuals

Table 5.2 Model coefficients summary
Unstandardized
Coefficients, B

Model
1

(Constant)

133.224

Square Root of Compressive Strength, f'c

1/2

1/2

(psi )

(Constant)
2

3

166.813

Square Root of Compressive Strength, f'c1/2 (psi1/2)

2.138

Square Root of Aging Time, t1/2 (hrs1/2)

-1.226

(Constant)

75.514

Square Root of Compressive Strength, f'c1/2 (psi1/2)
Square Root of Aging Time, t

1/2

1/2

(hrs )

Mean Peak Height, Rpm (in.)
(Constant)
Square Root of Compressive Strength, f'c1/2 (psi1/2)
4

2.195

Square Root of Aging Time, t1/2 (hrs1/2)
Mean Peak Height, Rpm (in.)
Matrix Tensile Strength, fmu (psi)

3.649
-1.269
10022.09
26.817
3.647
-1.205
10101.669
0.006

Dependent Variable: Failure Filtered Pull-off Strength, fPDT (psi)
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Table 5.3 Model summary output from SPSS
Model

R

R Square

1

0.479a

0.23

2

0.576b

0.331

3

c

0.612

0.375

4

0.631d

0.388

Durbin-Watson

1.502

Dependent Variable: Failure Filtered Pull-off Strength, fPDT (psi)
a. Predictors: (Constant), Square Root of Compressive Strength, f'c1/2 (psi1/2)
b. Predictors: (Constant), Square Root of Compressive Strength, f'c1/2 (psi1/2), Square
Root of Aging Time, t1/2 (hrs1/2)
c. Predictors: (Constant), Square Root of Compressive Strength, f'c1/2 (psi1/2), Square
Root of Aging Time, t1/2 (hrs1/2), Mean Peak Height, Rpm (in.)
d. Predictors: (Constant), Square Root of Compressive Strength, f'c1/2 (psi1/2), Square
Root of Aging Time, t1/2 (hrs1/2), Mean Peak Height, Rpm (in.), Matrix Tensile Strength,
fmu (psi)

To further investigate, the model was plotted versus time by fixing the input parameters of each
concrete-surface preparation-structural epoxy combination as shown from Figure 5.2 to Figure 5.7. Figure
5.2 also includes raw data points to illustrate the scatter with respect to the associated model curve. Each
plot is overlaid with the corresponding 𝑓′𝐷𝑇 value and, where visually possible, annotated with the
approximate day at which the pull-off strength decreases below this threshold. These points on the time
scale are the model-predicted bond life of the combination. These values for all combinations can be
calculated by solving the model for 𝑡 given respective input parameters. Bond life predictions for each
combination are thereafter summarized in Table 5.4.
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Figure 5.2 Pull-off strength model vs time - CA-P1

Figure 5.3 Pull-off strength model vs time – CA-P2
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Figure 5.4 Pull-off strength model vs time - CB-P1

Figure 5.5 Pull-off strength model vs time - CB-P2
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Figure 5.6 Pull-off strength model vs time - CC-P1

Figure 5.7 Pull-off strength model vs time - CC-P2
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Table 5.4 Model-predicted bond life summary

The generated model was found to be a function of √𝑡 when the system input parameters are fixed.
As shown in the model plots this implies that bond strength initially degrades rapidly then slows. This
finding contrasts with the hypothesized behavior in Figure 3.2 but is in agreement with the raw data plots
shown in Section 4.3. It is speculated that the rapid initial degradation may be explained in part by moisture
uptake by the constituent materials.
Notwithstanding the contribution of the model for elucidating generalized time-dependent
behavior, the numerical model should not be used for prediction by the practitioner. As noted, 𝑅 2 = 38.8%
which is arguably low when the model may be used as a tool for structural component life prediction. This
lack of adequate fit is exemplified when the model is plotted with respect to actual values. Figure 5.8 shows
the predicted pull-off strength based on model parameter inputs versus the actual corresponding test values.
The plot includes bounding lines which illustrate that the plotted points fan out rather than exhibit a cloudlike scatter, thus implying the presence of heteroscedasticity in the model (inconsistent variability).
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Figure 5.8 Predicted versus actual pull-off strength

From a practical perspective, the model was generated from data specific to tested materials. With
respect to structural epoxies, products with proprietary formulations are consistently released to the market.
As such the specific numerical model developed in this study could not be assumed to accurately predict
application-specific strength even if the model were perfectly fit to the current raw data. In order to provide
such a prediction, raw data for each new epoxy product would need to be generated in a similar accelerated
hygrothermal aging environment, then mapped to real-time aging data. This process is arguably impractical
and is currently unfeasible as no mapping schemes are present in the available literature.
5.2

Bond Life Determination from Failure Surface Analysis
The traditional method of reviewing pull-off strength results does not result in an “apples-to-

apples” comparison. This reason may be the major contributor to high variability in pull-off results. For a
direct comparison to occur, the bond strength would need to be extracted from all specimens regardless of
the failure mode. Unfortunately, no available literature has attempted to calculate this value and thus it
currently suffices to state that, for instance, bond strength is greater than the test value in a substrate-
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controlled specimen (i.e. 𝑓𝑃𝐷𝑇 > 𝑓′𝐷𝑇 ). Several attempts were made by the author to decouple bond strength
from A6 failure modes due to the exposed epoxy-concrete areas. A short discussion is included here
followed by a key observation made during these attempts.
5.2.1

Extraction of Bond Strength
The mode F failure in ASTM D7522 (mode A6 in this study) is commonly believed to originate in

the substrate (Section 12.2.5). This accepted belief implies that since both substrate and bond planes are
known to exhibit brittle behavior mixed-mode failures are, for practical purposes, a piecewise occurrence.
In this operation the substrate brittle failure is immediately followed by brittle failure at the bond plane.
Since the bond plane is exposed in this failure mode it may be possible to extract bond strength given further
understanding. A simple relationship will now be introduced to attempt bond strength extraction.
Consider the section cut of an epoxy-concrete bonded surface loaded by an adhered dolly (Figure
5.9). Based on the foregoing the fracture path follows the arrows beneath a piece of substrate of projected
area 𝐴𝑐𝑐 then jumps to the bond plane and propagates over the area 𝐴𝑝𝑐 . The right-hand side of the figure
shows the loading on 𝐴𝑝𝑐 immediately after the substrate fails. Here the applied load 𝑃 shifts to the centroid
of 𝐴𝑝𝑐 which imparts a bending moment 𝑀 = 𝑃𝑒.

Figure 5.9 Mixed-mode loading

The stress due to combined loading from material mechanics [11] is given as:
𝜎=

𝑃 𝑀𝑦
±
𝐴
𝐼
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Substituting the system parameters and acknowledging the circular cross-sectional geometry of the
dolly,
𝑓𝑃𝐷𝑇 =

𝑃
𝑃𝑒 2
−
𝐴𝑝𝑐
𝐼

from which 𝐼 = 𝜋𝐷 4⁄64 and 𝑒 = 4𝑟⁄3𝜋. Assuming an ideal fracture path that kinks at the center of the
dolly and assuming an arbitrary load 𝑃 = 300 𝑙𝑏 (1.33 𝑘𝑁),
𝐴𝑝𝑐 =
𝑒=

𝐼=

𝐴 1.227 𝑖𝑛.2
=
= 0.6135 𝑖𝑛.2 (396 𝑚𝑚2 )
2
2

4𝑟 4(1.25 𝑖𝑛.⁄2)
=
= 0.2652 𝑖𝑛. (7 𝑚𝑚)
3𝜋
3𝜋

𝜋𝐷4 𝜋(1.25 𝑖𝑛. )4
=
= 0.1198 𝑖𝑛.4 (49,882 𝑚𝑚4 )
64
64

Then,
𝑓𝑃𝐷𝑇 =

(300 𝑙𝑏)(0.2652 𝑖𝑛. )2
𝑃
𝑃𝑒 2
300 𝑙𝑏
−
=
−
= 313 𝑝𝑠𝑖 (2,158 𝑘𝑃𝑎)
𝐴𝑝𝑐
𝐼
0.6135 𝑖𝑛.2
0.1198 𝑖𝑛.4

Under ideal conditions an expression such as this may provide a practical approximation of bond
strength in a mixed-mode condition. However, issues are present which would restrict field use of a verified
version of this model. First, the process of analyzing surfaces with dispersed 𝐴𝑝𝑐 is too intensive to be
practical. Second, the model may be too sensitive to input parameters given large variability in 𝑃 between
tests and judgement of the technician in subdividing the failure surface. For instance, in the previous
example if a technician misinterpreted the failure plane and 𝐴𝑝𝑐 began just 0.1 in. (2.54 mm) away from
the center of the dolly, 𝑓𝑃𝐷𝑇 would then be computed by:
𝐴𝑝𝑐 = 0.4891 𝑖𝑛.2 (315.5 𝑚𝑚), 𝑒 = 0.2201 𝑖𝑛. (5.6 𝑚𝑚)
𝑓𝑃𝐷𝑇 =

(300 𝑙𝑏)(0.2201 𝑖𝑛. )2
300 𝑙𝑏
−
= 492 𝑝𝑠𝑖 (3,392 𝑘𝑃𝑎)
0.4891 𝑖𝑛.2
0.1198 𝑖𝑛.4

In this expression a shift of 0.1 in., which may be the equivalent shift in a dispersed failure plane,
resulted in an output bond strength increase of approximately 57%. Such an equivalent shift may either
present bond strength under-conservatively or conservatively, but not necessarily accurately.
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Mixed-mode specimens do not perfectly exhibit the boundary between 𝐴𝑝𝑐 and 𝐴𝑐𝑐 . As such the
loading on 𝐴𝑝𝑐 becomes nonlinear as 𝐴𝑐𝑐 is further dispersed across the dolly area. The provided expression
is therefore not applicable to practical situations, which may necessitate photometric methods for
determining 𝐴𝑝𝑐 and 𝐴𝑐𝑐 and piecewise nonlinear models to reflect unique loading conditions.
Consequently, bond strength may not be practically decoupled in mixed-mode failures.
5.2.2

Further Review of the A6 Failure Mode
The A6 failure mode defines the mixed-mode condition for pull-off specimens. These failures

traditionally indicate a transition period in the degradation process whereas the controlling strength in the
system begins to shift out of the substrate and towards the bond plane, though early onset mixed-mode
failures are common. This failure is characterized by notable regions of debonding with lumps of substrate
concrete attached where the bond plane is not fractured. Mixed modes were originally analyzed by He and
Hutchinson [27] who studied kinking phenomena between two dissimilar isotropic elastic solids. The
concept involves an initial mode I facture path along a semi-infinite bond line between the materials. A
relatively small crack with respect to the bond length is present and is angled into one or both substrates at
arbitrary locations. The postulation here is that the propagating interface crack will kink into either substrate
if the necessary and sufficient condition of an adequate stress raiser exceeding the respective fracture
toughness is satisfied. Direct tension testing induces mode I fractures and thus it can be assumed that a
mixed-mode failure can be explained as kinking phenomena.
During the bond strength extraction investigation inconsistencies were noted in the presentation of
A6-mode specimens. These inconsistencies led the author to postulate that crack propagation may occur in
both directions. That is, fracture in mixed-mode failures may initiate at the bond interface and kink into the
substrate and likewise initiate in the substrate and kink into the interface. A further discussion is warranted
here for each potential path.
Consider the arbitrary mixed-mode failure in a pull-off specimen in Figure 5.10.
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Figure 5.10 Stresses in mixed-mode failures

Here the relevant stress locations are indicated as a stress concentration factor applied to a normal
stress and their terms are respectively defined. In accordance with the fracture path stipulated by He and
Hutchinson a bond plane-initiated crack would require a stress raiser at the perimeter of the dollup (location
1). The crack would propagate along the bond plane until it reaches a stress raiser in the concrete surface
(location 2). At this point, the combined loading condition exceeds the tensile strength of the concrete over
the local principal plane. This tensile stress is higher than the resultant stress due to the combined loading
at the bond plane. As such, the crack kinks into the substrate and continues to propagate (location 3). This
progression can be summarized as
𝐾𝑃𝐷𝑇 𝜎𝑃𝐷𝑇 > 𝐾𝑡𝜃 𝜎𝐷𝑇 > 𝐾𝑡∆ 𝜎𝐷𝑇 > 𝜎𝑃𝐷𝑇
where
𝐾𝑃𝐷𝑇 𝜎𝑃𝐷𝑇 > 𝑓𝑃𝐷𝑇 ,

𝐾𝑡𝜃 𝜎𝐷𝑇 > 𝑓′𝐷𝑇 ,

𝐾𝑡∆ 𝜎𝐷𝑇 > 𝑓′𝐷𝑇

as the crack propagates.
However, epoxies bonded to concrete substrates inherently penetrate the surface as a function of
pore structure [7], pressure, and viscosity. This penetration creates an interphase which is intact during the
initial period of aging and which is outside the applicability of the original kinking phenomena formulation.
Also, the chemical bond strengths of these products are proprietarily designed to be initially much greater
than the substrate direct tensile strength. It is therefore more likely that a bond plane-initiated crack in a
mixed-mode failure will occur during later stages of aging.
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Conversely, a substrate-initiated crack would require a stress raiser at the edge of the substrate
away from the bond plane (location 3). The mode I fracture path would propagate across the dollup section
until the force-moment combined loading induces an adequate stress at the forward edge of the remaining
bond plane (location 2). This stress would be lower than the than the tensile bond strength over the
remaining area but higher than the epoxy-concrete bond strength. This condition would result in kinking of
the fracture path out of the substrate and into the bond plane (location 1). A path such as this is argued to
occur during the earlier stages of aging since the interphase is likely to be intact.
To comprehensively investigate this argument a dedicated study is required due to the complexities
in failure surfaces in each specimen. However, it may be possible to gather significant findings by cursory
inspection of the available specimens.
During preliminary testing in preparation for the study it was noted that epoxy was visible at the
base of tested dollies consistent with mode A7 indicating the failure plane was located along the maximum
depth of penetration. This finding was confirmed when these specimens were scraped exposing epoxy
within the interphase. Therefore, for bond plane-initiated cracks it is hypothesized that epoxy deterioration
has progressed such that no epoxy should be visible within the kinked 𝑎𝑐𝑐 region. These kinked regions can
vary in size due to the severity of a localized stress concentration. Regardless, each kinked region should
exhibit a generally non-uniform surface presenting as localized bulges or sharp discontinuities as the
principal stress plane shifts during rupture. The bond plane-initiated crack path will herein be termed Late
Mixed-Mode (LMM) and its criteria is summarized as: no visible epoxy in 𝑎𝑐𝑐 and localized bulges in the
𝑎𝑐𝑐 failure surface.
For substrate-initiated cracks the opposite conditions are likely. First, the bonded epoxy is expected
to have retained its maximum depth of penetration and should be visible in the 𝑎𝑐𝑐 region. Also, a relatively
uniform or domed (in the case of a single region) substrate failure surface should be exposed as are common
with small specimen areas loaded in direct tension. This path will be termed Early Mixed-Mode (EMM)
and is summarized as: visible epoxy in 𝑎𝑐𝑐 and a relatively uniform or domed 𝑎𝑐𝑐 region.
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A blind exercise was prepared to investigate this hypothesis. Specimens with A6 failures were
evaluated using a flowchart (Figure 5.11) without knowledge of the aging period in which they were tested.
Before evaluation, it was noted that two of the epoxies (E1 and E3) were translucent and as such epoxy
exposed in the 𝑎𝑐𝑐 was expected to be black to reflect the color of the black adhesive used for dolly
attachment. Conversely, epoxy E2 was a consistent gray color that would readily be differentiable from
surrounding concrete.
Examples of EMM- and LMM-conforming specimens are shown in Figure 5.12 and Figure 5.13,
respectively.

Figure 5.11 A6 failure evaluation flowchart
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Figure 5.12 A6 failure for CB-P1-T2-E3-R1

Figure 5.13 A6 failure for CB-P1-T3-E2-R2

Specimen CB-P1-T2-E3-R1 is shown in Figure 5.12. Here both EMM criteria are met as epoxy is
visible within the 𝑎𝑐𝑐 region and which is notably flat. Conversely, epoxy is not visible in the 𝑎𝑐𝑐 region of
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specimen CB-P1-T3-E2-R2 which also contains non-uniform variations in the concrete surface as shown
in Figure 5.13.
A total of 40 specimens failed in mixed mode. Each specimen was reviewed for the EMM / LMM
criteria and was labeled accordingly. The full set of evaluated specimens are presented in Appendix A. Six
of the eighteen combinations did not produce an A6-failing specimen. However, none of the individual
study variables precluded the total set of PO specimens from A6 failures. This implies that the methodology
introduced in this section may be applicable. Table 5.5 summarizes the occurrence of EMM and LMM
specimens by concrete-epoxy combination and aging period. Tallies of each evaluation mark are displayed
in the format “EMM count / LMM count”. Apart from CB-E2, all specimens marked as EMM occur in the
earlier stages of aging prior while those marked with LMM occur in the later stages, with no out-ofsequence mixing. This finding indicates the plausibility that substrate strength-controlled systems which
fail in mixed-mode exhibit specific characteristics which contrast with those associated with bond plane
strength-controlled systems. When A6 mode evaluations indicate a shift from EMM to LMM, we can
declare bond life has occurred for that system configuration. For combination CC-E3, bond life was likely
reached between T2 and T3 testing periods. For CA-E2 and CC-E2 bond life may have occurred during
and/or around the T4 test period.

Table 5.5 Occurrence of EMM / LMM marks for A6 specimens
T0/T04
T1
T2
T3
T4
CA-E1
1/0
NONE
NONE
NONE
0/1
CA-E2
1/0
NONE
NONE
1/0
1/1
CA-E3
NONE
NONE
NONE
0/1
NONE
CB-E1
CB-E2
CB-E3

1/0
NONE
2/0

1/0
1/0
1/0

NONE
4/0
1/0

NONE
3/2
NONE

1/0
2/1
NONE

CC-E1
CC-E2
CC-E3

NONE
NONE
2/0

NONE
NONE
NONE

2/0
3/0
2/0

NONE
1/0
0/1

NONE
1/1
NONE
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Combination CB-E2 was the sole exception to this finding. A couple of possible explanations can
be posed here. First, it is possible that bond life may be staggered for this configuration based on another
factor considering the consistent presentation of EMM marks for early-aged specimens in this group.
Second, this combination may be determined in a follow-up study to be outside the scope of applicability
for the evaluation methodology since the underlying assumption here is that the structural epoxy penetrates
a notable distance into the substrate. Due to the higher viscosity of epoxy E2 and since no additional
pressure was applied to the study epoxies during bonding, the maximum depth of penetration for this
combination was 0.033 in. (0.847 mm) as noted in Table 3.4. This depth was insufficient for observation
with respect to the thickness of 𝑎𝑐𝑐 regions in these specimens. The same exemption may be applicable to
the CA-E2 and CC-E2 combinations.
A few conclusions can be drawn based on the proceeding. A sufficient level of evidence exists to
indicate the plausibility of a bi-directional failure path which is dependent on the progression of bond
deterioration. If confirmed this would provide a qualitative methodology for determining the incidence of
bond life. As such, the A6 mode could be used as an early indicator of the controlling strength in externally
bonded systems. Field inspectors may use this finding to quickly assess impending termination of bond life
ahead of A5 failures. As secondary concluding remark epoxy the apparent occurrence of bond life between
the T3 and T4 periods for E2 combinations indicates it may provide, even without the formation of a notable
interphase, a relatively greater degradation resistance for the aged specimens as compared to the other two
study epoxies.
5.3

Additional Findings
Additional comparisons were generated to facilitate raw data synthesis. The following sections

serve to highlight observations from these comparisons.
5.3.1

Role of Surface Roughness on Pull-Off Strength
The average pull-off strengths of all filtered data were compared among surface profile

combinations for aging periods T0 and T4. By inspection roughening to profile P2 reduces the average pulloff strength across all concretes. Profile combination CC-P2 exhibited the highest bond strength retention
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while the CA profiles exhibited the highest collective degradation (39.0% and 44.8%). It is speculated that
surface preparation induces higher relative deleterious effects in lower strength concretes, hence the
relatively higher percentage of bond degradation.

Figure 5.14 Average pull-off strength for aging periods T0 and T4 per surface profile

5.3.2

Role of Concrete Strength on Pull-Off Strength
Figure 5.15 compares average pull-off strengths at aging periods T0 and T4 among concrete mixes.

Concrete CB exhibited the highest T0 pull-off strength while concrete CA exhibited the lowest values for
both T0 and T4 periods. Percent reductions were calculated as 41.7%, 34.9%, and 29.8% for concretes CA,
CB, and CC, respectively, which implies that higher strength concretes may help retain bond strength. This
finding is in apparent contrast with those from Al Azzawi who reported the opposite for FRP-concrete
bonded systems under hygrothermal aging at 30°C (86°F). However, results shown in the figure for
concrete CA may be cofounded by those in Figure 5.14 which were argued to be caused by induced damage
from surface preparation.
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Figure 5.15 Average pull-off strength for aging periods T0 and T4 per concrete mix

5.3.3

Role of Epoxy on Pull-Off Strength
The effect of structural epoxy on average bond strength was investigated in Figure 5.16. Epoxies

E1 and E3 were comparable and exhibited the highest T0 strengths while epoxy E2 highest average strength
at period T4. Epoxy E2 also exhibited the lowest bond degradation (23.2%) and was previously shown with
the lowest relative moisture uptake percentage, both notions of which add to the argument posed in section
5.2.2 that this system provides relatively enhanced long-term performance.
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Figure 5.16 Average pull-off strength for aging periods T0 and T4 per study epoxy
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Chapter 6:

Conclusions and Recommendations

A laboratory study was conducted which investigated both quantitative and qualitative approaches
for pinpointing bond life in externally bonded epoxy-concrete systems subject to accelerated hygrothermal
aging. The primary study objective was to develop a quantitative model for bond life prediction with a
secondary objective of assessing the onset of bond life through failure surface analysis. The conclusions
presented pose a series of improvements to the understanding of degradation behavior and development of
more reliable methods for assessing in-situ bonded systems.
6.1

Conclusions – Study Objectives
The following conclusions were drawn based on primary and secondary study results:
1. The alternative set of pull-off failure modes may provide a clearer representation of rupture
locations. A stress concentration is likely at the base of loaded dollups which can be around twice
the nominal stress in the dollup.
2. The test fixture developed for pull-off testing provided a reproducible, controlled-rate testing
scheme.
3. Increased surface roughening to the P2 using the needle scaling technique decreased the direct
tensile strength of each concrete mixture. Also, direct tensile strengths were found to be relatively
lower than the corresponding calculated modulus of rupture.
4. No debond failures (A5) were recorded for any concrete CA configuration during aging. This
confirms the finding by Al Azzawi that lower strength concrete with higher relative porosity
provides an increased resistance to moisture degradation.
5. Square root of concrete strength, square root of aging time, mean peak height, and matrix tensile
strength were found to be statistically significant factors directly explaining variation in pull-off
strength.
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6. Both the plotted raw data and fitted model plot suggest that moisture degradation is relatively faster
in the early stages of aging then slows to form a pseudo-asymptotic leveling.
7. The regression model may useful for elucidating general time series behavior but should not serve
as a predictor of any system’s performance due to insufficient model fitting
8. Decoupling of bond strength from mixed-mode failures is plausible but may not be practical for
field investigations.
9. Early mixed-mode and late mixed-mode fracture paths were preliminarily confirmed. This finding
implies that further review of A6-failing specimens can provide an earlier indication of bond life
onset. This method may be advantageous over numerical modeling as no knowledge of system
values is required in order to ascertain the extent of moisture degradation. Additionally, this method
may eliminate the immediate need to map accelerated and long-term aging curves for specific
systems.
6.2

Conclusions – Additional Findings
Additional findings stemmed from review of the effect of specific factors on average bond strength.

These findings are summarized as follows:
1. Surface roughening reduces pull-off strength, likely due to deleterious effects of the surface
preparation process.
2. Higher concrete strength appears to help in bond strength retention. However, this result may be
influenced by other factors.
3. Epoxy E2, a product with relatively higher viscosity, provided greater bond degradation mitigation.
6.3

Recommendations
Recommendations for follow-up and related studies are as follows:
1. The EMM/LMM assessment tool introduced in this study was confirmed with respect to the study
material combinations but requires further development with respect to quantitative validation and
robustness when other combinations are assessed.
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2. The numerical model appears to accurately describe general degradation behavior but requires a
dedicated study to increase the fit. Due to the apparent scatter of raw data, a machine learning
approach may be suitable for investigation.
3. The presence of coupling agents, fibers and varied fiber architectures, existing pore moisture, and
intermittent wet-dry cycles have been known to influence degradation behavior, but the changes
have not been captured. One or more dedicated studies may shed much needed light on this
shortcoming.
4. Time shift factors have been proposed for shear loading of externally bonded FRP systems to map
accelerated protocols to real-time aging. The same should be attempted for pull-off testing with the
new understanding of time-series degradation behavior.
5. There is currently no available probability of failure associated with FRP repairs based on bond
performance. Based on the foregoing a resistance factor may be developed for use in design and/or
assessment.
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Appendix A:

Mixed-Mode Failure Evaluation

A qualitative failure surface analysis approach was detailed in section 5.2.2 to determine the
incidence of bond life using mixed-mode specimens. This appendix contains the images and assessment
results of each of the 40 applicable specimens based on the flowchart presented in the section. All dollies
are 1.25 in. (3.175 cm) in diameter.

Figure A.1 Evaluation of CA-P1-T0-E1-R3

Figure A.2 Evaluation of CA-P1-T3-E2-R2
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Figure A.3 Evaluation of CA-P1-T04-E2-R3

Figure A.4 Evaluation of CA-P1-T4-E1-R2

Figure A.5 Evaluation of CA-P1-T4-E2-R1
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Figure A.6 Evaluation of CA-P1-T4-E2-R2

Figure A.7 Evaluation of CA-P2-T3-E3-R3

Figure A.8 Evaluation of CB-P1-T1-E1-R2
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Figure A.9 Evaluation of CB-P1-T1-E2-R2

Figure A.10 Evaluation of CB-P1-T1-E3-R1

Figure A.11 Evaluation of CB-P1-T2-E2-R1
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Figure A.12 Evaluation of CB-P1-T2-E2-R2

Figure A.13 Evaluation of CB-P1-T2-E3-R1

Figure A.14 Evaluation of CB-P1-T3-E2-R1
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Figure A.15 Evaluation of CB-P1-T3-E2-R2

Figure A.16 Evaluation of CB-P1-T3-E2-R3

Figure A.17 Evaluation of CB-P1-T4-E1-R2
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Figure A.18 Evaluation of CB-P1-T4-E2-R2

Figure A.19 Evaluation of CB-P1-T4-E2-R3

Figure A.20 Evaluation of CB-P2-T0-E1-R1
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Figure A.21 Evaluation of CB-P2-T0-E3-R1

Figure A.22 Evaluation of CB-P2-T0-E3-R3

Figure A.23 Evaluation of CB-P2-T2-E2-R2
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Figure A.24 Evaluation of CB-P2-T2-E2-R3

Figure A.25 Evaluation of CB-P2-T3-E2-R2

Figure A.26 Evaluation of CB-P2-T3-E2-R3
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Figure A.27 Evaluation of CB-P2-T4-E2-R1

Figure A.28 Evaluation of CC-P1-T0-E3-R3

Figure A.29 Evaluation of CC-P1-T2-E1-R1

113

Figure A.30 Evaluation of CC-P1-T2-E1-R2

Figure A.31 Evaluation of CC-P1-T2-E3-R2

Figure A.32 Evaluation of CC-P1-T2-E3-R3
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Figure A.33 Evaluation of CC-P1-T3-E3-R1

Figure A.34 Evaluation of CC-P2-T0-E3-R1

Figure A.35 Evaluation of CC-P2-T2-E2-R2
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Figure A.36 Evaluation of CC-P2-T2-E2-R2

Figure A.37 Evaluation of CC-P2-T2-E2-R1

Figure A.38 Evaluation of CC-P2-T3-E2-R3
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Figure A.39 Evaluation of CC-P2-T4-E2-R2

Figure A.40 Evaluation of CC-P2-T4-E2-R3
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Appendix B:

Substrate Failures

ASTM D7522 stipulates a scoring depth of 0.25 to 0.50 in. (6 to 12 mm). At this depth it is possible
to observe substrate failures at either the body of the dollup or at is base. This concept was confirmed by
Vaysburd and McDonald whose results of finite element analyses of typical pull-off tests displayed
significantly higher tensile stress concentrations in composite repairs in the vicinity of the core drill depth
[55].
Failures at the base occur due to an abrupt change in cross sectional geometry which creates a stress
raiser. This increased stress concentrates at the fillet and is an order of magnitude higher than the nominal
stress in the body of the dollup. If a separate stress raiser is present along the body of the dollup during
loading, failure may occur away from the base. This bifurcation of substrate failure locations is eliminated
if the depth of scoring is reduced to the point at which the cutting blade of the coring bit solely penetrates
the concrete surface.
This study is focused on studying the epoxy-concrete bond plane. During the planning phase it was
determined that factors such as dollup base failures would reduce the number of potential specimens
available for observing aging effects. The decision was then made to use a light scoring technique for all
pull-off specimens.
The set of proposed alternative failure modes was shown in Figure 3.8. The B-series of modes are
suited for specimens in compliance with D7522 penetration depths. The B9 mode was included to
differentiate failure locations and to provide a potential pull-off strength conversion thereby reducing
variability. Further discussion of this mode is necessitated here. The relationship between nominal and
concentrated stress in an arbitrary tensile specimen is given by
𝜎𝑚𝑎𝑥 = 𝐾𝑡 𝜎𝑛𝑜𝑚
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where 𝜎𝑚𝑎𝑥 and 𝜎𝑛𝑜𝑚 are the maximum and nominal normal stresses, respectively, and 𝐾𝑡 is the
stress concentration factor for the given geometric configuration. These geometric configurations and their
associated stress concentration factors are commonly found in handbooks on the topic. Unfortunately, a
configuration directly applicable to the pull-off specimen is not available and therefore a new concentration
factor is required. Autodesk Inventor was used to perform the modeling and stress analysis of the pull-off
specimen. First, the stress analysis module was checked against published 𝐾𝑡 factors for a similar geometric
configuration. In the available literature, the configuration in closest resemblance to a pull-off specimen is
termed the shoulder fillet in a stepped circular shaft [47]. The circular shaft assumption implies that the
bulk concrete supporting the dollup is also circular. This implication is valid since the premise of scoring
is to isolate the dollup from the surrounding concrete and only requires that 𝐷 = 𝑑 + 2𝑟. For this
configuration the stress concentration factor is given by
2ℎ
2ℎ 2
2ℎ 3
𝐾𝑡 = 𝐶1 + 𝐶2 ( ) + 𝐶3 ( ) + 𝐶4 ( )
𝐷
𝐷
𝐷
where
ℎ
ℎ
𝐶1 = 𝑎1 + 𝑏1 √ + 𝑐1
𝑟
𝑟
ℎ
ℎ
𝐶2 = 𝑎2 + 𝑏2 √ + 𝑐2
𝑟
𝑟
ℎ
ℎ
𝐶3 = 𝑎3 + 𝑏3 √ + 𝑐3
𝑟
𝑟
ℎ
ℎ
𝐶4 = 𝑎4 + 𝑏4 √ + 𝑐4
𝑟
𝑟
In these expressions, the coefficients 𝑎𝑖 and 𝑏𝑖 were provided in tabular format which was
replicated in Table B.1.
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Table B.1 Stress concentration coefficients for stepped shaft with shoulder fillet
0.1 ≤ ℎ⁄𝑟 ≤ 2.0
2.0 ≤ ℎ⁄𝑟 ≤ 20.0
I
𝑎𝑖
𝑏𝑖
𝑐𝑖
𝑎𝑖
𝑏𝑖
𝑐𝑖
1

0.947

1.206

-0.131

1.232

0.832

-0.008

2

0.022

-3.405

0.915

-3.813

0.968

-0.260

3

0.869

1.777

-0.555

7.423

-4.868

0.869

4

-0.810

0.422

-0.260

-3.839

3.070

-0.600

The published formula was first solved for the study pull-off dollup geometry using 𝑑 = 1.25 𝑖𝑛.
for the dollup diameter, 𝑟 = 0.0625 𝑖𝑛. for the fillet radius, 𝐷 = 1.5 𝑖𝑛. for the bulk concrete diameter, and
ℎ = 0.125 𝑖𝑛. for the edge distance between dollup and bulk concrete. These parameters resulted in 𝐾𝑡 =
2.024. This same configuration was modeled in Inventor using an applied tensile pressure of 100 psi (689.5
kPa). The 1st principal stress, 𝜎1 , from the stress study is shown in Figure B.1Figure B.1 from which the
associated 𝐾𝑡 = 2.255. This value is in contrast with the calculated stress concentration from literature.
However, the stress outputs from both handbook formulae and Inventor assume the material is a metal, and
as such the von Mises output as reported in the software was used for comparison. The von Mises stress
was reported as 0.2088 ksi resulting in 𝐾𝑡 = 2.088. This value is in approximate agreement with the
calculated value which is acceptable given the acknowledged effects of rounding and boundary conditions
[46].
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Figure B.1 Maximum normal stress in a stepped circular shaft with shoulder fillet

The pull-off specimen was then modeled as a revolved solid where the top surface is scored to a
depth of 0.5 in. (12 mm). The total diameter was arbitrarily set at 5.5 in. (140 mm) to provide a 2 in. (51
mm) wide boundary of concrete around the scored region. As shown in Figure B.2 the same 100 psi (689.5
kPa) pressure was applied resulting in a stress concentration value of 2.297. This value indicates that the
maximum tensile stress at the base of the dollup can be up to over twice the nominal value in the body of
the dollup, hence the necessity for splitting substrate failures into modes B8 and B9.
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Figure B.2 Maximum stress in a pull-off test specimen
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Appendix C:

Pull-off Specimen Load-Displacement Graphs

Figure C.1 Load-displacement graph - CA-P1-T0-E1-R1

Figure C.2 Load-displacement graph – CA-P1-T0-E1-R2

Figure C.3 Load-displacement graph – CA-P1-T0-E1-R3
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Figure C.4 Load-displacement graph – CA-P1-T1-E1-R1

Figure C.5 Load-displacement graph – CA-P1-T1-E1-R2

Figure C.6 Load-displacement graph – CA-P1-T1-E1-R3
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Figure C.7 Load-displacement graph – CA-P1-T2-E1-R1

Figure C.8 Load-displacement graph – CA-P1-T2-E1-R2

Figure C.9 Load-displacement graph – CA-P1-T2-E1-R3
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Figure C.10 Load-displacement graph - CA-P1-T3-E1-R2

Figure C.11 Load-displacement graph - CA-P1-T3-E1-R3

Figure C.12 Load-displacement graph - CA-P1-T4-E1-R2
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Figure C.13 Load-displacement graph - CA-P1-T40-E1-R2

Figure C.14 Load-displacement graph - CA-P1-T40-E1-R3

Figure C.15 Load-displacement graph - CA-P2-T0-E1-R2
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Figure C.16 Load-displacement graph - CA-P2-T1-E1-R1

Figure C.17 Load-displacement graph - CA-P2-T1-E1-R2

Figure C.18 Load-displacement graph - CA-P2-T1-E1-R3
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Figure C.19 Load-displacement graph - CA-P2-T2-E1-R1

Figure C.20 Load-displacement graph - CA-P2-T2-E1-R2

Figure C.21 Load-displacement graph - CA-P2-T2-E1-R3
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Figure C.22 Load-displacement graph - CA-P2-T3-E1-R3

Figure C.23 Load-displacement graph - CA-P2-T4-E1-R1

Figure C.24 Load-displacement graph - CA-P2-T4-E1-R3
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Figure C.25 Load-displacement graph - CA-P2-T40-E1-R1

Figure C.26 Load-displacement graph - CA-P2-T40-E1-R3

Figure C.27 Load-displacement graph - CA-P1-T0-E2-R2
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Figure C.28 Load-displacement graph - CA-P1-T1-E2-R1

Figure C.29 Load-displacement graph - CA-P1-T1-E2-R2

Figure C.30 Load-displacement graph - CA-P1-T1-E2-R3
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Figure C.31 Load-displacement graph - CA-P1-T2-E2-R1

Figure C.32 Load-displacement graph - CA-P1-T2-E2-R2

Figure C.33 Load-displacement graph - CA-P1-T2-E2-R3
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Figure C.34 Load-displacement graph - CA-P1-T3-E2-R1

Figure C.35 Load-displacement graph - CA-P1-T3-E2-R2

Figure C.36 Load-displacement graph - CA-P1-T3-E2-R3
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Figure C.37 Load-displacement graph - CA-P1-T4-E2-R1

Figure C.38 Load-displacement graph - CA-P1-T4-E2-R2

Figure C.39 Load-displacement graph - CA-P1-T4-E2-R3
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Figure C.40 Load-displacement graph - CA-P1-T40-E2-R1

Figure C.41 Load-displacement graph - CA-P1-T40-E2-R2

Figure C.42 Load-displacement graph - CA-P1-T40-E2-R3
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Figure C.43 Load-displacement graph - CA-P2-T0-E2-R1

Figure C.44 Load-displacement graph - CA-P2-T0-E2-R3

Figure C.45 Load-displacement graph - CA-P2-T1-E2-R2

137

Figure C.46 Load-displacement graph - CA-P2-T1-E2-R3

Figure C.47 Load-displacement graph - CA-P2-T2-E2-R1

Figure C.48 Load-displacement graph - CA-P2-T2-E2-R2
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Figure C.49 Load-displacement graph – CA-P2-T3-E2-R1

Figure C.50 Load-displacement graph - CA-P2-T3-E2-R2

Figure C.51 Load-displacement graph - CA-P2-T3-E2-R3
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Figure C.52 Load-displacement graph - CA-P2-T4-E2-R1

Figure C.53 Load-displacement graph - CA-P2-T4-E2-R2

Figure C.54 Load-displacement graph - CA-P2-T4-E2-R3
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Figure C.55 Load-displacement graph - CA-P2-T40-E2-R3

Figure C.56 Load-displacement graph - CA-P1-T0-E3-R1

Figure C.57 Load-displacement graph - CA-P1-T0-E3-R2
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Figure C.58 Load-displacement graph - CA-P1-T0-E3-R3

Figure C.59 Load-displacement graph - CA-P1-T1-E3-R1

Figure C.60 Load-displacement graph - CA-P1-T1-E3-R2
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Figure C.61 Load-displacement graph - CA-P1-T1-E3-R3

Figure C.62 Load-displacement graph - CA-P1-T2-E3-R1

Figure C.63 Load-displacement graph - CA-P1-T2-E3-R2
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Figure C.64 Load-displacement graph - CA-P1-T2-E3-R3

Figure C.65 Load-displacement graph - CA-P1-T3-E1-R1

Figure C.66 Load-displacement graph - CA-P1-T3-E3-R2
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Figure C.67 Load-displacement graph - CA-P1-T4-E3-R1

Figure C.68 Load-displacement graph - CA-P1-T4-E3-R2

Figure C.69 Load-displacement graph - CA-P1-T40-E3-R2
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Figure C.70 Load-displacement graph - CA-P1-T40-E3-R3

Figure C.71 Load-displacement graph - CA-P2-T0-E3-R2

Figure C.72 Load-displacement graph - CA-P2-T0-E3-R3
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Figure C.73 Load-displacement graph - CA-P2-T1-E3-R3

Figure C.74 Load-displacement graph - CA-P2-T2-E3-R3

Figure C.75 Load-displacement graph - CA-P2-T3-E3-R1
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Figure C.76 Load-displacement graph - CA-P2-T3-E3-R2

Figure C.77 Load-displacement graph - CA-P2-T3-E3-R3

Figure C.78 Load-displacement graph - CA-P2-T4-E3-R1
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Figure C.79 Load-displacement graph - CA-P2-T4-E3-R3

Figure C.80 Load-displacement graph - CA-P2-T40-E3-R1

Figure C.81 Load-displacement graph - CA-P2-T40-E3-R2
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Figure C.82 Load-displacement graph - CB-P1-T0-E1-R1

Figure C.83 Load-displacement graph - CB-P1-T0-E1-R2

Figure C.84 Load-displacement graph - CB-P1-T0-E1-R3
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Figure C.85 Load-displacement graph - CB-P1-T1-E1-R2

Figure C.86 Load-displacement graph - CB-P1-T2-E1-R2

Figure C.87 Load-displacement graph - CB-P1-T2-E1-R3
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Figure C.88 Load-displacement graph - CB-P1-T4-E1-R2

Figure C.89 Load-displacement graph - CB-P1-T4-E1-R3

Figure C.90 Load-displacement graph - CB-P1-T40-E1-R3
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Figure C.91 Load-displacement graph - CB-P2-T0-E1-R1

Figure C.92 Load-displacement graph - CB-P2-T0-E1-R2

Figure C.93 Load-displacement graph - CB-P2-T0-E1-R3
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Figure C.94 Load-displacement graph - CB-P2-T1-E1-R1

Figure C.95 Load-displacement graph - CB-P2-T1-E1-R2

Figure C.96 Load-displacement graph - CB-P2-T1-E1-R3
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Figure C.97 Load-displacement graph - CB-P2-T2-E1-R1

Figure C.98 Load-displacement graph - CB-P2-T2-E1-R2

Figure C.99 Load-displacement graph - CB-P2-T2-E1-R3
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Figure C.100 Load-displacement graph - CB-P2-T3-E1-R3

Figure C.101 Load-displacement graph - CB-P2-T40-E1-R1

Figure C.102 Load-displacement graph - CB-P2-T40-E1-R2
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Figure C.103 Load-displacement graph - CB-P1-T1-E2-R2

Figure C.104 Load-displacement graph - CB-P1-T1-E2-R3

Figure C.105 Load-displacement graph - CB-P1-T2-E2-R1
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Figure C.106 Load-displacement graph - CB-P1-T2-E2-R2

Figure C.107 Load-displacement graph - CB-P1-T2-E2-R3

Figure C.108 Load-displacement graph - CB-P1-T3-E2-R1
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Figure C.109 Load-displacement graph - CB-P1-T3-E2-R2

Figure C.110 Load-displacement graph - CB-P1-T3-E2-R3

Figure C.111 Load-displacement graph - CB-P1-T4-E2-R2
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Figure C.112 Load-displacement graph - CB-P1-T4-E2-R3

Figure C.113 Load-displacement graph - CB-P2-T0-E2-R1

Figure C.114 Load-displacement graph - CB-P2-T0-E2-R2
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Figure C.115 Load-displacement graph - CB-P2-T0-E2-R3

Figure C.116 Load-displacement graph - CB-P2-T1-E2-R1

Figure C.117 Load-displacement graph - CB-P2-T1-E2-R2
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Figure C.118 Load-displacement graph - CB-P2-T1-E2-R3

Figure C.119 Load-displacement graph - CB-P2-T2-E2-R1

Figure C.120 Load-displacement graph - CB-P2-T2-E2-R2
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Figure C.121 Load-displacement graph - CB-P2-T2-E2-R3

Figure C.122 Load-displacement graph - CB-P2-T3-E2-R2

Figure C.123 Load-displacement graph - CB-P2-T3-E2-R3
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Figure C.124 Load-displacement graph - CB-P2-T4-E2-R1

Figure C.125 Load-displacement graph - CB-P2-T40-E2-R1

Figure C.126 Load-displacement graph - CB-P2-T40-E2-R3
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Figure C.127 Load-displacement graph - CB-P1-T0-E3-R1

Figure C.128 Load-displacement graph - CB-P1-T0-E3-R2

Figure C.129 Load-displacement graph - CB-P1-T0-E3-R3
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Figure C.130 Load-displacement graph - CB-P1-T1-E3-R1

Figure C.131 Load-displacement graph - CB-P1-T1-E3-R2

Figure C.132 Load-displacement graph - CB-P1-T2-E3-R1
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Figure C.133 Load-displacement graph - CB-P1-T2-E3-R2

Figure C.134 Load-displacement graph - CB-P1-T2-E3-R3

Figure C.135 Load-displacement graph - CB-P1-T3-E3-R2
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Figure C.136 Load-displacement graph - CB-P1-T4-E3-R1

Figure C.137 Load-displacement graph - CB-P1-T40-E3-R1

Figure C.138 Load-displacement graph - CB-P1-T40-E3-R3
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Figure C.139 Load-displacement graph - CB-P2-T0-E3-R1

Figure C.140 Load-displacement graph - CB-P2-T0-E3-R2

Figure C.141 Load-displacement graph - CB-P2-T0-E3-R3
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Figure C.142 Load-displacement graph - CB-P2-T1-E3-R1

Figure C.143 Load-displacement graph - CB-P2-T1-E3-R2

Figure C.144 Load-displacement graph - CB-P2-T1-E3-R3
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Figure C.145 Load-displacement graph - CB-P2-T2-E3-R2

Figure C.146 Load-displacement graph - CB-P2-T3-E3-R1

Figure C.147 Load-displacement graph - CB-P2-T3-E3-R2
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Figure C.148 Load-displacement graph - CB-P2-T3-E3-R3

Figure C.149 Load-displacement graph - CB-P2-T4-E3-R2

Figure C.150 Load-displacement graph - CB-P2-T4-E3-R3
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Figure C.151 Load-displacement graph - CB-P2-T40-E3-R1

Figure C.152 Load-displacement graph - CB-P2-T40-E3-R2

Figure C.153 Load-displacement graph - CC-P1-T0-E1-R1
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Figure C.154 Load-displacement graph - CC-P1-T0-E1-R2

Figure C.155 Load-displacement graph - CC-P1-T0-E1-R3

Figure C.156 Load-displacement graph - CC-P1-T1-E1-R1
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Figure C.157 Load-displacement graph - CC-P1-T1-E1-R2

Figure C.158 Load-displacement graph - CC-P1-T1-E1-R3

Figure C.159 Load-displacement graph - CC-P1-T2-E1-R1

175

Figure C.160 Load-displacement graph - CC-P1-T2-E1-R2

Figure C.161 Load-displacement graph - CC-P1-T2-E1-R3

Figure C.162 Load-displacement graph - CC-P1-T3-E1-R2
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Figure C.163 Load-displacement graph - CC-P1-T3-E1-R3

Figure C.164 Load-displacement graph - CC-P1-T40-E1-R1

Figure C.165 Load-displacement graph - CC-P1-T40-E1-R2
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Figure C.166 Load-displacement graph - CC-P1-T40-E1-R3

Figure C.167 Load-displacement graph - CC-P2-T0-E1-R1

Figure C.168 Load-displacement graph - CC-P2-T0-E1-R2
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Figure C.169 Load-displacement graph - CC-P2-T0-E1-R3

Figure C.170 Load-displacement graph - CC-P2-T1-E1-R1

Figure C.171 Load-displacement graph - CC-P2-T1-E1-R2
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Figure C.172 Load-displacement graph - CC-P2-T1-E1-R3

Figure C.173 Load-displacement graph - CC-P2-T2-E1-R1

Figure C.174 Load-displacement graph - CC-P2-T2-E1-R2

180

Figure C.175 Load-displacement graph - CC-P2-T2-E1-R3

Figure C.176 Load-displacement graph - CC-P2-T3-E1-R1

Figure C.177 Load-displacement graph - CC-P2-T3-E1-R2
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Figure C.178 Load-displacement graph - CC-P2-T4-E1-R1

Figure C.179 Load-displacement graph - CC-P2-T4-E1-R2

Figure C.180 Load-displacement graph - CC-P2-T4-E1-R3
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Figure C.181 Load-displacement graph - CC-P2-T40-E1-R1

Figure C.182 Load-displacement graph - CC-P2-T40-E1-R3

Figure C.183 Load-displacement graph - CC-P1-T0-E2-R3
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Figure C.184 Load-displacement graph - CC-P1-T1-E2-R1

Figure C.185 Load-displacement graph - CC-P1-T1-E2-R2

Figure C.186 Load-displacement graph - CC-P1-T1-E2-R3
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Figure C.187 Load-displacement graph - CC-P1-T2-E2-R1

Figure C.188 Load-displacement graph - CC-P1-T2-E2-R2

Figure C.189 Load-displacement graph - CC-P1-T2-E2-R3
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Figure C.190 Load-displacement graph - CC-P1-T3-E2-R1

Figure C.191 Load-displacement graph - CC-P1-T3-E2-R2

Figure C.192 Load-displacement graph - CC-P1-T3-E2-R3
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Figure C.193 Load-displacement graph - CC-P1-T4-E2-R1

Figure C.194 Load-displacement graph - CC-P1-T4-E2-R2

Figure C.195 Load-displacement graph - CC-P1-T40-E2-R3
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Figure C.196 Load-displacement graph - CC-P2-T0-E2-R1

Figure C.197 Load-displacement graph - CC-P2-T0-E2-R2

Figure C.198 Load-displacement graph - CC-P2-T0-E2-R3

188

Figure C.199 Load-displacement graph - CC-P2-T1-E2-R1

Figure C.200 Load-displacement graph - CC-P2-T1-E2-R2

Figure C.201 Load-displacement graph - CC-P2-T2-E2-R1
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Figure C.202 Load-displacement graph - CC-P2-T2-E2-R2

Figure C.203 Load-displacement graph - CC-P2-T2-E2-R3

Figure C.204 Load-displacement graph - CC-P2-T3-E2-R1
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Figure C.205 Load-displacement graph - CC-P2-T3-E2-R2

Figure C.206 Load-displacement graph - CC-P2-T3-E2-R3

Figure C.207 Load-displacement graph - CC-P2-T4-E2-R2
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Figure C.208 Load-displacement graph - CC-P2-T4-E2-R3

Figure C.209 Load-displacement graph - CC-P1-T0-E3-R2

Figure C.210 Load-displacement graph - CC-P1-T0-E3-R3
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Figure C.211 Load-displacement graph - CC-P1-T2-E3-R2

Figure C.212 Load-displacement graph - CC-P1-T2-E3-R3

Figure C.213 Load-displacement graph - CC-P1-T3-E3-R1
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Figure C.214 Load-displacement graph - CC-P1-T3-E3-R2

Figure C.215 Load-displacement graph - CC-P1-T3-E3-R3

Figure C.216 Load-displacement graph - CC-P1-T4-E3-R1
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Figure C.217 Load-displacement graph - CC-P1-T40-E3-R2

Figure C.218 Load-displacement graph - CC-P1-T40-E3-R3

Figure C.219 Load-displacement graph - CC-P2-T0-E3-R1
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Figure C.220 Load-displacement graph - CC-P2-T0-E3-R2

Figure C.221 Load-displacement graph - CC-P2-T0-E3-R3

Figure C.222 Load-displacement graph - CC-P2-T1-E3-R1
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Figure C.223 Load-displacement graph - CC-P2-T1-E3-R3

Figure C.224 Load-displacement graph - CC-P2-T2-E3-R1

Figure C.225 Load-displacement graph - CC-P2-T2-E3-R2
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Figure C.226 Load-displacement graph - CC-P2-T2-E3-R3

Figure C.227 Load-displacement graph - CC-P2-T3-E3-R1

Figure C.228 Load-displacement graph - CC-P2-T3-E3-R2
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Figure C.229 Load-displacement graph - CC-P2-T3-E3-R3

Figure C.230 Load-displacement graph - CC-P2-T4-E3-R2

Figure C.231 Load-displacement graph - CC-P2-T4-E3-R3
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Figure C.232 Load-displacement graph - CC-P2-T40-E3-R1

Figure C.233 Load-displacement graph - CC-P2-T40-E3-R2

Figure C.234 Load-displacement graph - CC-P2-T40-E3-R3
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